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MECHANISM OF HEAT FLOW IN FIBROUS MATERIALS 
By J. L. Finck 


ABSTRACT 


A systematic investigation of the thermal conductivities of specimens composed 
of fibrous materials has been made. The experiments were designed to show the 
effects of such factors as density of packing, arrangement of fibers, kind and size 
lof fibers, moisture content, air convection, and radiation, on the resultant con- 
ductivity of the specimens. Data on various mixtures of fibers were obtained, 
and it was found that in most cases the conductivity of the mixture lies between 
those of the constituents, taking the conductivity of each constituent which 
corresponds to a density equal to the density of the mixture. 

It was found that for a given fibrous material and a given density, the conduc- 
tivity may vary by several hundred per cent, depending entirely on the arrange- 
ment of the fibers. The maximum conductivity is obtained when the fibers are 
parallel to and the minimum conductivity when the fibers are perpendicular to 
ithe direction of heat flow. There is included a discussion of the part which con- 
tact resistance between the fibers may play in the over-all heat transfer. 

At very low densities it was found that radiation plays an important part in the 
heat transfer; air convection plays a very minor part. 


CONTENTS 


I. Introduction 

Il. Thermal conductivity of packed fibrous materials in ‘‘bone-dry”’ 
condition 

III. Effect of moisture 

[Y. Thermal conductivity of mixtures___-_----- 

V. Effect of arrangement of fibers______-__- ae 
. VI. Convection and radiation 

VII. Conclusions 


I. INTRODUCTION 


| Fibrous materials, or those which can readily be reduced to fibers, 
mepresent one of the most important raw products for the manufac- 
ure of insulating materials for use at ordinary temperatures. Future 
developments in insulation may depend to a large extent on a knowl- 
cde of the insulating properties of such fibrous materials, as well as 
on the mechanism of heat flow through them. 

A systematic investigation of the thermal conductivities of speci- 
mens of fibrous materials has been made. The experiments were 
tesigned to show the effects of such factors as density of packing, 
@rangement of fibers, kind of fibers, moisture content, air convection, 
end radiation on the resultant conductivity of the specimens. 

; Slice the primary object of this work was to throw more light on 
the mechanism of heat flow, rather than to investigate the utility of 
yarious materials as insulators from all points of view, no mention is 
Made of such questions as resistance to deterioration, fire hazard, 
Forkability, cost, etc., all of which influence the selection of a material 
Bor @ particular purpose, 
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Il. THERMAL CONDUCTIVITY OF PACKED FIBRovs 
MATERIALS IN “BONE-DRY” CONDITION 


All measurements of thermal conductivity were made in a S0- ~called 
“flat hot-plate” apparatus, with a guard ring, the outside d dimensions 
being 8 by 8 inches. This apparatus has been described in seyer| 
publications.! 

Loose materials were packed within a wooden frame 8 inches square 
and 1 inch deep, so that when placed between the plates of the co 
ductivity apparatus, the specimens were in the form of flat slabs | 
inch thick and ne arly 8 inches square. For convenience in handli . 
the loose material was confined in the frame by thin paper over boi 
surfaces. In the tests listed in this section and also those of sectior 
III, the specimens were prepared by packing the fibers in the frame 
from the 8 by 8 inch face without stampting to arrange the fiber 
in any particular direction, which resulted in their being arranged {o 
the most part with their lengths perpendicular to the direction of 
heat flow. 

The mean temperatures of the specimens during test were approx: 
mately 32° C., and for convenience this temper ature was selected is 
a reference temperature to which all results were reduced, using t the 
formula K,=Ky[l1+a (t—32)], where K;, is the observed conduct 
ivity corresponding to the mean temperature ¢° C. and Ky is the 
value corresponding to 32° C. The coefficient a has been taker 
equal to 0.0032; this is an average of values given for numervs 
materials? It should be noted that for two extreme cases, wher 
a=0.0018 and a=0.0054, respectively, and for t—32=5, the va 
for Kz. do not differ by more than 1 per cent from those given in this 


paper. The values of Ky for any specimen may be coneuserel 8 ai 
curate within 2 per cent, although some of the specimens wer 
reproducible to this accuracy. 

In Table 1 are given the results obtained on various dried mater 


‘ 


each specimen being heated overnight at about 100° C. 
Some of the data of Table 1 are plotted in Figure 1. 

It will be noted that bagasse, wood pulp, and cornstalk pu 
which consist of rather coarse fibers, have about the same insulating 
value. Specimens made from finer fibers, such as jute, cotton, ett, 
have lower conductivities. The conductivity of asbestos wool ap 
pears to be anomalous, for this material has a very much higher 
conductivity than most others examined, even though the fibers wer 
very fine. Com paring asbestos wool with rock wo ool, which is als) 
mineral in character, the conductivity of the former lies within the 
upper range while that of the latter is at the lower range of the con 
ductivities observed. Certain experiments to be described below 
may throw light on the cause of this anomalous behavior of asbestss 
vool. 

From Figure 1 it will be seen that for each material there is a ce 
tain density, referred to in this paper as the “optimum” densi 
which corresponds to a minimum conductivity. For greater dens 
ties the conductivity increases with the density at an approximat 
uniform rate. As the density of the insulating materi al a ppros he 
zero, the conductivity will ay pproach that of an air space Ay smal 


ee 
betore test, 


1 M.S. Van Dusen, J. A. S. H. V. E., » 28, pp. 625-656; October, 1920; Van Beste eet Finck, Prot 
Inst. Refr ig., pp. 137-150, May, 1928. 
2 See second reference footnote 1. 
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: oncjons, orientation, and bounding surfaces. For a vertical air 
ee 1 inch in width, bounded by paper (as were these specimens of 

lation), with a temperature diilerence of 30° C. and a mean tem- 
-ature of 32° C., the heat transfer will be as high as 1.7 milliwatts 

»-' deg. C. It is therefore obvious that the apparent conductivi- 

oc at Gensities less than the optimum will have to increase at a very 
/rate as the density approaches zero. 


08 ja 4 461620 22 24 26 28 .30 
Densify p -- grams per cm: 


1.—Thermal conductivity for different densities, in bone-dry 
conditions. T'he dotted line represents the conductivity for still air with 
no radiation 


TaBLE 1.—Thermal conductivity of materials in bone-dry condition 


p=density in g/em$ 
d=density in Ibs./ft. 
K3.=conductivity in milliwatts/em °C. for a mean temperature of 32° C. 
BD, t. 0. 
hr. ft.2 °F./ir 
, + Be M 
ir. ft.4 °F./in. 


ko= conductivity in = for a mean temperature of 90° F. 


=1.441 milliwatis/cm °C. 


Metric units | British unit 


Material Description 


..| Fine fibers made from limestone rock----- 294 
. 22 
. 288 


Waste from silk combings 

. 014 

. 019 

.019 
| Waste fibers { .037 
}} .056 

. 144 

- 197 
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TaBLeE 1.—Thermal conductivity of materials in bone-dry condition—Contiy),3 


p=density in g/em 

d=density in !bs./ft.’ 
K3.=conductivity in milliwatts/em °C. for a mean temperature of 32° C, 
kgo=conductivity in ert a 
ken = C ctivity — ee 
os 3 hr. ft.2 °F./in 


AS 1.441 milliwatts/em °C 
- — we 1.44 atts/e . 
hr. ft.4 °F./in. - — 


~ for a mean temperature of 90° F, 





Metric units British units 
Material Description 


| 
En Te ig ear ee Short fibers, with small quantity of oil in |f 0.019 | 0.516 | 
fibers. 1. .038 . 388 | 


. 032 - 456 
. 064 - 401 
. 094 


| Waste flax, with bits of straw __-.------ e 


. 048 
. 054 
. 072 
. 086 
. 159 
. 268 


. 038 
. 064 
.077 
. 107 
119 
. 143 
. 194 


. 228 





Bagasse Sugar cane fiber, used in making insulat- | 
ing board. 


l 
| 


. 061 
} .095 
| .118 


. 147 


| 
Material used in making insulating board 


Corn stalk pith..........--| Not ground, but retained in same structure . 043 
as in dried stalks. \ .058 


. 048 
. 078 
. 106 
. 144 


Wood pulp Material used in making insulating board - 


Sisal__- Lees E , . 109 
. 043 
. 046 


| \A8 
Redwood bark fiber---- re 


Manila hemp- 


. 048 
. 078 


. 040 

- 101 

. 195 

. 035 

. O80 

. O82 

. 123 

. 168 

. 234 

| . 074 
. 220 
. 058 


. 067 





Curled hair-_--- 





Steel wool... Marked grade 0, very fine_---- 


—— 





From the above it will be seen that where the only considerati0 
rare 


maximum insulation for a given thickness, the packing should be at 
optimum density. 
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III. EFFECT OF MOISTURE 


There appear to be no available data on the effect of hygroscopic 
moisture on the conductivity of materials which consist of loose fibers. 

® \{easurements on very wet materials are subject to great uncertainties 
on account of transfer of heat by evaporation of water at one side and 
condensation at the other side, but little uncertainty is present in 
measurements on samples which have been conditioned at a moder- 
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Figure 2.—Comparison of data for dry and conditioned fibrous 
material 


material —-; conditioned material O. 
isse; B, cornstalk pulp; C, wood pulp. 


tely high humidity. In the present work, samples were exposed for 
everal days in an atmosphere which was in equilibrium with a satu- 
ated solution of Ca (NO;)2, giving a relative humidity of approxi- 
nately 53 per cent at room temperature. Each sample was removed 
tom this atmosphere and placed immediately in the hot-plate 
bpparatus. 
| Uhree materials were studied under these conditions, and the results 
ere given in Table 2 and Figure 2. In the figure the circles corre- 





978 Bureau of Standards Journal of Research 


spond to the values for the specimens exposed to this humid atmos 
phere, while the solid lines represent values under bone-dry conditiy, 
It will be noted that the i increase in conductivity, due to this eXposun 
is less than 10 per cent in all three cases. b. 
It may be concluded from these results that for installations w} 
moisture does not tend to condense within the insulating mater 
the latter will have nearly the same insulating properties for yg 
atmospheric humidities. However, in cases such as the insul: 
refrigerators or cold-storage buildings, if there are points within th; 
insulating material at or below the ~ dew point of the air in contg: 
therewith, moisture will continually condense as liquid. Unless 
effective prec autions are taken to prevent the penetration of wate 
vapor, in time the insulation value will be reduced excessively, 


where 


TABLE 2.—Thermal conductivity of materials conditioned at a relatit 
of 63 per cent 





| 


| Metric units 


| 

0. 030 | 

. 064 | 

077 | 

. 107 | 

118 | 

- 143 | 
x . 095 
Cornstalk pulp “119 


Wood pulp-_._----- aces eee ee reemeeeee= oe 


IV. THERMAL CONDUCTIVITY OF MIXTURES 


Data on mixtures of fibers are of interest, since such mixtures 
a flexibility in the manufacture of insulating material great 
can be obtained by use of a single fibrous product in meeting spec! 
tions; as, for example, a certain thermal conductivity to be 
panied by a given density, strength, cost, etc. 

Tests were made on a number of mixtures, of various proportion 
in many cases combining a material which in itself is of high « 
ductivity with one of very low conductivity. The results of thes 
tests are given in Table 3. The partial densities given in this tab) 
are the weights in g/cm’ for the two components of each sample. 

It will be observed that in most all cases the conductivity o! | 
mixture lies between the conductivities of the constituents separate! 
ee these are packed to a density equal to that of the om r 
‘or densities exceeding the optimum there appears to be consider 
flexibility in changing the proportions of the components ke ung 
the same total density, without altering the resultant conduct 
appreciably. For ex ‘ample: consider mixtures of sphagnum were 
bagasse, with a total density equal to 0.19 g/cm’. The conducti 
of sphagnum moss alone at p=0.19 is equal to 0.427, and thet 
bagasse 0.538. For a mixture with partial density of spnagau 
moss= 0.08, and that of bagasse=0.11, the resultant conduc 
is equal to 0.484. In a second mixture where pa is increased t 


{ 
i 
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and ps reduc ed to 0.06; the resultant conductivity is equal to 0.479, 
practically the same as that of the first mixture. 
TABLE 3.—Thermal conductivity of mixtures of fibers 
pa=pPartial density of component A in g/cm. 
pp=partial density of component B in g/cm}. 


p =total density of mixture. 
K3.=thermal conductivity of mixture in milliwatts cm~! deg-! C. 








| | | 
Component A Component B | | p | Ka 
—_$—$$ $$$ — —— | -_ 
Kapok._-.- .026 | 0.012} 0.038} 0.386 
|.2 CS ae eae ‘ -O017 | =. 021 - 422 
| Wood shavings----_-.--- . 0 . 104 . 125 477 
. 070 . 094 . 453 


. 005 . 053 . 736 

: , Meee . 016 . 050 . 561 

| one gnum moss- ----- .0 . 021 . 101 . 458 
as - i eae : . 05 . 050 . 100 


| Excelsior ! . 155 .077 . 232 

| Sphagnum moss. - - - -- . O55 . O89 . 147 

Re ee eee . 085 114] .199 

110} .192 
| 








. 192 

| . . 195 

Sphagnum moss : 14h.) «202 | 
Se ee tt . 05 173 











ater glass used as binder. 


V. EFFECT OF ARRANGEMENT OF FIBERS 


Fro m Figure 1 it will be noted for bagasse, as an example, that the 
thermal cond seta for densities from 0.19 to 0.24 g/em® will 
range from 0.53 to 0.59. A fabricated board > ide from bagasse 
ording to the present commercial methods of manufacture will 
have a cond uc tivity lower by more than 10 per cent than that of a 
specimen of bagasse fiber packed to the same density by the method 
described above. Since the fibers in such boards lie for the most 
| part in planes parallel to the surfaces of the boards, while in the speci- 
mens they are po reed at random, it was thought that the arrange- 
ment of the fibers might have some effect on the conductivity of the 
aterial. To test this hypothesis a manufactured board was reduced 
its original pulp, and remade into a board of the same density, 
tal cing no pains to arrange the fibers in any particular fashion. ‘The 
ulp was merely soaked in water and the mixture thrown into a mold, 
pre ssed, and dried. The observed conductiv ity of the board prepa red 
in this way was 10 per cent higher than that of the original. 
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TABLE 4.—Resulis on tests of specimens prepared with different arrangemen 
of fibers 





Item 








(a) | Flax, fibers perpindicular to heat flow 
(6) [_ _..do a ss 
(c) Flax, anes pare allel to heat flow 

(d) 
(e) | Flax, — of approximat ely 5 mm, random arrangement_.__..___- : 


(f) | Glass wool, fibers perpendicular to heat flow 
Glass wool, fibers parallel to heat flow 

Board A (with glue) 

Board B (with glue).______- 

Board A (without glue) - 


Hair felt, fibers perpendicular to heat flow 

Hair felt specimen, portion of fibers parallel to heat flow. 

Excelsior, fibers perpendicular to heat flow aie eae paki esehiente sale 
Wheat straw, fibers perpendicular to heat flow 

Excelsior, random arrangement 


Wheat straw, random arrangement-_-_- 

Flax, with fibers in each layer perpendiculs ar to those in adjacent layer 
Wheat straw, partial density=0. 075 ‘ 5 ‘ 
Flax, partial density =(0. 013-_- 

Excelsior, partial density=0. 104 4 

Flax, partial density=0. 029..................-..--- 





4s 





AaiiGionid experiments were inolils to test the effect of arrangement 
of fibers in altering the resultant conductivity. The first exper: 
ments were performed on flax, because a sample was available wi 
was well combed, and this suited the purpose in hand. Two tet 
specimens were prepared with all fibers at right angles to the directia 
of heat flow. The values of the densities and thermal conductivities 
of these specimens are given under items (a) and (6), Table 4. Two 
additional specimens of the same flax were prepared with the fibers 
parallel to the direction of heat flow. The results for these are given 
under items (c) and (d), Table 4. A specimen of the same flax was 
prepared by cutting the fibers to lengths of approximately 5 mn, 
and packing them without any attempt at order. The results, inc- 
cated under item (e), are seen to be somewhat higher than (a), bu 
considerably lower than (c). 

Tests on glass wool with fibers perpendicular and parallel to the 
direction of heat flow gave the results indicated under items (f) an! 
(g), respectively. 

Tests were made on manufactured boards as follows: Samples 0 
two kinds of commercial insulating boards, each single ply (approx 
mately one-half inch thick), with conductivities equal to 0. 49 i for 
each board were cut into 1-inch strips and laid together so that t 
original surfaces were in direct contact, forming specimens i 
thick. The fibers in the original boards lie largely i in planes paral 
to the finished surfaces. Within each plane the fibers are arranged 
in all directions. In the prepared specimens these planes are paral! 
to the direction of heat flow, so that in effect a considerable propo 
tion of the fibers themselves will be arranged parallel to the genet 
direction of heat flow. Two such specimens were prepared with the 

1-inch strips cemented together with glue. A third specimen Ws 
made without glue and held together mechanically to obtain a vall? 
for the conductivity unaffected by glue or binder. ‘The results a 
given under items (h), (i), and (j), Table 4. 
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4 sheet of hair felt 1 inch thick was cut in the same manner as 
Hhese insulating boards, and a test sample prepared similar to those 
vom the boards, using no binder. The conductivities of the original 
heet and the prepared specimen are indicated under items (/) and 
!) Table 4. 
~The above results on flax fibers, glass wool, manufactured insulating 
ards, and hair felt indicate that the fibers themselves have a very 
ch conductivity, and the conductivity of a fabricated product may 
 yery greatly affected by the arrangement of the fibers. The 
fect of increase in mean temperature on the conductivity is much 
reater for those samples where the fibers are parallel to the heat 
iow. This is shown by the results obtained on flax (specimen given 
under item (d), Table 4), where the conductivity has been found to 
nerease with temperature approximately twice as fast as that for 
necimens (a) and (6). 

‘Additional experiments were tried on very coarse materilas, ex- 
elsior and uncrushed wheat straw, with the purpose of observing 
ow low a conductivity may be obtained by arranging all the strands 
rstalks normal to the direction of the flow. In each case the strands 
r stalks were laid parallel to each other and perpendicular to the 
direction of heat flow. The results are given under items (m) and 

, Table 4. The same materials were again packed without any 
kttempt at order, and the results are given under items (0) and (p). 
Although in case of excelsior the parallel arrangement reduces the 
onductivity, and in wheat straw there is an apprent slight increase, 
he differences are not sufficiently great to be of any significance. 
Jt may be said that materials, in general, and coarse materials, in 
particular, will tend to take a position such that the direction of the 
ibers will be approximately perpendicular to the direction of the 
acking pressure. Therefore, in (0) and (p) the fibers may have been 
to avery large extent perpendicular to the direction of heat flow. 
This natural tendency in fiber arrangement accounts for the moderate 
ariations in the conductivity of fibers packed at random, compared 
with the large range possible with special fiber arrangements. 

Considering the possible range of conductivities, which may reach 
tt least as high as 1.1, it might seem surprising that by arranging 
he fibers perpendicular to the heat flow conductivities as low as 
35 to 0.37 can be obtained; for, it must be remembered that the 
ronductivity of still air (no radiation) is equal to 0.245, and the 
ference between that and 0.35 to 0.37 is only about one-seventh 
he range from air to the value 1.1. 

The explanation lies in the fact that the arrangement of fibers 
erpendicular to heat flow is in effect a series arrangement of fibers 
and air, the thermal contact between fibers being on the average 
ery poor in any ordinary density of packing, unless they are well 
emented together with some binding material. Since the actual 
rolume of the fiber present is but a small fraction of the total volume 
i the mass, the high conductivity of the fiber itself does not affect 
¢ heat transfer by conduction through the mass to any large extent. 
he presence of the fiber is, of course, indispensable, since it reduces 
Heat transfer by radiation and air convection to a small amount. 
Arrangement of fibers parallel to the direction of heat flow is in 
eect a parallel arrangement (as in electric circuits) of fibers and 
ar. In this case the high conductivity of the fibers themselves exerts 
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the maximum influence on the resultant conducti ivity of 
The high conductivity of asbestos wool as ordinarily pac! 
be due in part to the fact that the individual fibers adhere to e 
and the nature of this contact may be such as to make thec 
resistance low. 

It is conceivable that the effect of the presence of liquid yx 
within a material is also to reduce contact resistance between fi 
and thus increase the conductivity. If through capillary attrac: 
water fills the individual fibers, there may also be a film of w 
the surface of each fiber. In this case the fibers will be conn 
at their points of contact by liquid films of relatively high conductiyiy 
Coating the individual fibers with a substance which is not weit) 
by water will, of course, avoid this capillary effect. Nevertheless i 
moisture condenses within insulating material, due to the fact that th 

temperatures within the material are at or below the a | Doin! 
the liquid water will still reduce contact resistance. 

A few experiments were tried to see if the contact resistance betw 
fibers could be increased. A specimen of flax fiber was prepared « 
follows: A thin layer of fibers was arranged with all the fibers runniy 
in one direction. A second thin layer was placed upon the fix 
with its fibers running perpendicular to those in the first layer. 
third layer had its fibers parallel to those in the first layer. Numer 
layers were built up in this fashion, each succeeding layer having is 
fibers perpendicular to the fibers in the preceding !ayer. " will b 
noted that within each layer, consisting of a number of strands i 
thickness, the points of contact may not have been any different { from 
those in the former samples; that is, adjacent parallel strand: 
fibers may have been touching each other over a large portion of thar 
entire length. However, between the adjacent layers, the contacts 
were only at the points of crossing. The direction of heat flow ws 
perpendicular to all the fibers. The results on this specimen ur 
given under item (q), Table 4. Comparing this with (6) in the tabi, 
it will be observed that there is a slight reduction in conductiviy 
It is conceivable that if each layer consisted of single strands of | 
the reduction might have been greater. 

Additional experiments were tried with mixtures, one a mixtur 
wheat straw and flax, and a second Pie excelsior and flax. In eat 
case the specimen wes prepared as follows: A thin layer oi cow 
fibers was arranged so that its fibers were parallel, The second laye 
consisted of flax, with its fibers perpendicular to those in the is 
layer. A third layer of coarse fibers parallel to those in the is 
layer was placed on the second. Thin layers of coarse fibers, sept 

rated by much thinner layers of flax, were built up in this fas shion, the 
idea being that the layers of flax w ould serve to break up the point 
contact of the coarse fibers. The results of tests on these spec 

are given under items (7) and (s), Table 4. Comparing (7) wit! 
above, the reduction is 3 per cent; comparing (s) with (im) the 
tion is nil. 

The results of the experiments on fiber arrangement indicate 
definitely that the arrangement of the fibers has much to d ) 
the resulting insulating value of a material. The present met 
of manufacture of fibrous sheet materials do accomplish to a 4? 
extent the orientation of the fibers so that they are most effectivt 
insulation. 
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VI. CONVECTION AND RADIATION 


As has been mentioned above, the conductivity-density curve for 
a given material will alw ays have a minimum point. For densities 
less than the optimum it is s usually assumed that convection and radia- 
‘jon increase at such a rate that they more than compensate for the 
" Ww conduction of the diminished number of fibers. It is interesting 
to inquire what part, if any, radiation and convection play in heat 

transfer at low densities. 

The first set of e epemmanntes was made on kapok, packed to the very 
low density of 0.003 g/em*. In the first experiment the specimen 
tested was in a vertic ai position. In a second experiment, the speci- 
men, together w ith the hot and cold plates was placedin a ‘horizontal 
position with the hot pla te above and the cold plate below the speci- 
men. Over the upper side of the hot plate was placed a ealibr rated 
specimen of cork, and the heat flow through this cork specimen was 

ken into account in calculating the thermal conductivity of the 
mo The results in the two cases are given under items (a) and 
()), Table 5. The difference between these two values is less than 
3percent. In case of (6) it may be : ssumed that there was no con- 
vection. Since the difference is so small, it may be concluded that 
in the vertical position the fibers retarded air circulation sufficiently 
to make convection play but a minor part. 

To observe the effect of radiation within the same sample of kapok, 
dry aluminum powder was dusted throughout its mass. The fibers 
were thus partially coated with aluminum, which would tend to 

wer their radiation emissivity and reduce the heat trans sfer through 
the mass, provided radiation plays an appreciable part in the heat 
transfer process. A test on this sample in a vertical position gave 
the result indicated under item (c), Table 5. Comparing this with 
(@) in the table, the reduction is 17 per cent. <A test on a second 
specimen of kapok of denisty 0.016 with dry aluminum powder 
scattered throughout its mass gave the result indicated under item 
d), Table 5. Comparing this with the results of Figure 1, it will be 
noted that this is very close to plain kapok at the same density. 
This indicates that at such densities radiation plays a negligible réle. 

Similar tests were made on asbestos and bagasse, aluminum powder 
‘ i ig scattered throughout the mass of each. The results are given 

ander items (e), (f), (g), and (h), Table 5. The reduction in the case 
(¢) is about 17 per cent, while for the higher denisty of asbestos it 
is hardly appreciable. For bagasse there is an increase in conduc- 
tivi ty, but that may be due to the effect of metallic conduction. In 
lact for that density of bagasse radiation is not expected to be of 
great significance. 

Toes xperiments indicate that convection, which was formerly 
believed to be the prime cause of the increase in the heat transfer at 
very low densities, is very slight. Radiation plays a much larger part 


than is ordina arily credited to it, 
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TABLE 5.—Kesults on tests of specimens prepared to study convection and radiqii, 





Item | Description 


Kapok, test specimen vertical... _.........._.-- 

Kapok, test specimen horizontal. _..._.___-- eens Cease : 

Kapok, dusted with aluminum powder, test specimen vertical_____- 
| 


Asbestos, dusted with aluminum powder 





VII. CONCLUSIONS 


The results of this paper throw light on the manner in which heg 
is transferred through fibrous materials. It may safely be said tha 
technique is as important as the choice of raw materials in the map. 
ufacture of insulation. As has been noted above, the fibers them. 
selves are potentially capable of conducting much heat, but for. 
tunately the presence of the air provides very poor thermal contacts, 
Yet, for materials at densities used in practice from 30 to 50 per cent 
of the total heat transferred is by conduction in the fibers, and the 
remainder by conduction through the inclosed air. At these den. 
sities convection and radiation are negligible. 

It is of interest to consider how the insulating value of products 
made from a given fiber may be improved. Since the air present 
within the material conducts from 50 to 70 per cent of the heat, 
the air might be replaced by a gas which has a lower thermal con- 
ductivity. In cases where the material is effectively sealed, this may 
be feasible, but such cases are very limited in number. In the large 
majority of cases where rigid insulation is used as in building con- 
struction, railroad refrigeration cars, etc., it would hardly be pra- 
ticable. 

A more promising method of attack would be to study the effect 
of size of fibers on the conduction. It is conceivable that in breaking 
up coarse fibers into fine ones, the contact resistances might be m0- 
creased, for this would yield a more homogeneous mixture of air and 
solid material. However, there will be some limit to the fineness of 
fiber beyond which it will not be feasible to proceed, and the effect 
of shredding on the mechanical properties of the product must also 
be considered. 

In the manufacture of insulating boards it is common practice t0 
coat the fibers with some water-repelling material before forming 
them into a board. It is conceivable that different materials may 
produce different contact resistances; for example, the application 0! 
a coating which hardens so that it ceases to be tacky before the boart 
is formed, may offer a higher contact resistance than a coating whic! | 
is still soft and tends to fuse the contact points. 


WASHINGTON, July 22, 1930. 
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COMPRESSIBILITY AND THERMAL EXPANSION OF 
PETROLEUM OILS IN THE RANGE 0° TO 300° C.? 


By R. S. Jessup 


ABSTRACT 


Measurements of compressibility and thermal expansion are reported on 14 
presentative samples of petroleum oils from various sources over the pressure 
ange 0 to 50 kg/em? (gauge), and the temperature range 0° to 300° C. 

It was found from the results obtained on these samples that the compressibility 
id thermal expansion of two samples of the same specific gravity, but from 
jiferent sources, differed more than 30 per cent at the higher temperatures, 
hereas oils of the same specific gravity and also the same viscosity had the same 
mpressibility and thermal expansion within rather narrow limits. In other 
rds, with a knowledge of the specific gravity and viscosity of the oils, it was 
bossible to represent all the measured volumes within less than 0.5 per cent over 
he entire range of temperature and pressure covered by the measurements. 
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I. INTRODUCTION 


The extensive use of cracking processes in the petroleum industry, 
nd the increased use of petroleum oils as heat-transfer media in various 
ndustrial processes have created a need for data on the properties of 

ese Oils at relatively high temperatures and pressures. Data on 
v0 properties, namely, compressibility and thermal expansion, are 
equired in order to yield information on the volume which a known 
uantity of oil measured at atmospheric pressure and ordinary tem- 
erature will occupy at higher temperatures and pressures. Existing 
ata on these two properties of petroleum oils were deficient either in 


a and temperature ranges covered or in the variety of oils 
tudied, 








‘This paper contains results obtained in an investigation of ‘‘The Thermodynamic Properties of Petro- 
n Hydrocarbons” listed as Project No. 38 of American Petroleum Institute Research. Financial 
sistance in this work has been received from a research fund of the American Petroleum Institute donated 
rd aes Rockefeller. ‘This fund is being administered by the institute with the cooperation of the 
vita! Petroleum Committee of the National Research Council. 
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The work described in this paper was undertaken for the pur 
of supplying sufficiently comprehensive data in the range of cond J 
and temperature of greatest practic al interest to make the data ay q 
cable in so far as possible to any petroleum oil regardless of its soy: 
or chemical composition. For this purpose data were ob tained ¢n 
samples of various oils from different sources. 

The upper limit to which the measurements could be carried yj 
out serious loss of accuracy was 300° C. Even at this temperaty 
cracking was evidenced by an appreciable increase in volume yi 
time. Since the change in volume of these oils with pressure is vi 
tively small and approximately linear at constant temperature over tp 
pressure range ordinarily encountered in practice, the measuremeys 
were not carried abovea pressure of 50kg/em? (7101bs./in.*) whichyy 
considered to be a safe limit for the glass apparatus employed. 


II. MATERIAL 


The samples of oil used in this investigation and the informatiy 
as to their source were submitted by various oil companies through tly 
courtesy of the American Petroleum Institute. They appear to 
reasonably representative of those types of American petroleum ok, 
namely, gas oils and lubricating oils, which are or may be hea‘: 
high temperatures in practice. Crude oils were purposely not included 
among the oils here investigated because many such oils contain 
siderable amounts of dissolved gases, for example, methane. Ty 
effect upon compressibility and thermal expansion of known amows 
of dissolved gases is being studied as a special extension of tli 
investigation. 

Three samples of gasoline and one sample of liquefied petroleum 
gas were included, partly to yield additional or confirmatory infor 
tion on these types of petroleum products, and partly because t 
were convenient materials for the initial measurements, having reli- 
tively large compressibility and thermal expansion at ordinary 
temperatures. 


Ill. APPARATUS AND METHODS 
1. DESCRIPTION OF APPARATUS 


The apparatus used is shown schematically in Figure 1. The bul 
A and &, are made of pyrex laboratory glass and were annealed «! 
temperature of about 520° C. for three days. The volumes 0! 
bulbs are approximately 24 em® and 5.7 cm’, respectively. 

The connecting capillary tubing has an internal diameter of abot 
1mm. The brass unions, 6 and d, are soldered to the glass Hh 
method described by McKelvy and Taylor,’ and by Meyers.” 1 
bulb, B, is connected to the steel valve, V>, by means of the sted 
union f and the steel tube, t, the joints being made with de peer 
cement. Copper-c onstantan tl 1ermocouple junctions are cemel 
to the glass capillary tubing at ¢, ¢2, ¢;, ete. At points where the? 
are sometimes large temperature gradients along the tubing, t 
effect of heat conduc tion along the ‘thermocouple Teads is minimuz 
by winding the wires several times around the tube on each siti 


those junctions. A millimeter se ale engraved on a glass mir5 
peg om ecsaae 


?J. Am. Chem. Soc., 42, p. 1364; 1920. 3J. Am. Chem. Soc., 45, p. 2135; 1923. 
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mounted behind the capillary U tube, gh. The entire apparatus 
- mounted on a steel frame which is supported on a special clamp 
sand in such a way that it can be raised or lowered, or moved about 
on the table. ‘The union, d, is connected through the valve, V3, and 
exible copper tubing to a pressure gauge, and through valve, V,, to 
, cylinder of carbon dioxide. The valve, V; can be opened to the 
atmosphere. é . 9 

Other apparatus used which need not be described in detail include 
» vacuum pump capable of reducing the pressure to about 0.3 mm 
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FiaureE 1.~——Schematic drawing of apparatus 


ol mercury; two thermoregulated baths; a closed end mercury manom- 
eter for roughly indicating the pressure; a high precision piston 
pressure gauge of the dead-weight type for accurate pressure measure- 
ments; a portable potentiometer for measuring the emf of thermo- 
couples; a Wheatstone bridge, galvanometer, and platinum resistance 
thermometer for temperature measurements. 


2. METHODS OF OBSERVATION 


The method of observation used in the measurements on the first 
four samples which were not carried above 70° C., was as follows: 
With valves, Vo, Vs, V,, and V; (fig. 1) closed the apparatus was evac- 

15377°—_30-——2 
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uated through V;. Mercury was then admitted through V, unt) 
the bulbs, B and A, were entirely filled, and the capillary above th 
bulb, A, was filled within a few centimeters of the soldered joint | 
Then with the bulbs, A and B, immersed in ice baths, the oil sam 
was admitted through V, until the bulb, A, and capillary were fil 
with the sample to a desired point, g, on the U tube. The U tile 
from g to h, and the bulb, B, were left filled with mercury, 1) 
valve, Vi, was then closed, and with V; open to the atmosphere jj, 
positions of the menisci, g and h, were read on the scale. The yaly 
V;, was then closed and the pressure increased to 50 kg/em?, in egy, 
venient steps (usually 10 kg/cm’), by admitting carbon doy) 
through V,. The pressure at each step was measured by means 9! 
the piston gauge, and the positions of the menisci, g and h, wer 
read on the scale. The pressure was then reduced to atmosphere 
in similar steps, the observations of pressure and positions of thy 
menisci being repeated. It was found necessary to allow about | 
minutes after each change in pressure for the reestablishment ¢/ 
thermal equilibrium. 

These observations give sufficient data for computing the volum 
of the sample at 0° C. and various pressures, if the following quant 
ties are known: (1) The volumes at atmospheric pressure of A, } 
and of that part of the sample in the valve, V;, and in the cap’llay 
tubing; (2) the volume per unit length of the right arm of the capillary 
U tube; (3) the compressibility and amount of the mercury in B ani 
in the U tube; (4) the compressibility and amount of the oil in the 
valve, V,, and in the capillary tubing; and (5) the change in volune 
of the apparatus with pressure. 

After the measurements at 0° C. were completed, the bulb, A, was 
removed from the ice bath and placed in a stirred liquid bath at sone 
higher temperature. The increase in volume of the sample in A was 
accommodated by removing some of the mercury from B. The weigi 
of the removed mercury, and the change in position of the meniscus, 
h, give sufficient data for computing the expansion of the sample 
between 0° C. and the temperature of the bath, provided the chang 
in volume of the bulb, A, and the expansion of the liquid in the valve, 
V;, and in the capillary tubing are known. The compressibility 
measurements at the higher temperature were made in the same 
way as at 0° C. The above procedure could be repeated at as maay 
temperatures as desired. 

For the measurements on samples 5 to 14, which were carried 10 
300° C., it was found desirable to modify the procedure outlined 
above as follows: The bulb, A, was only partially filled with thi 
sample at 0° C. leaving sufficient mercury in A to take care of the 
expansion of the sample when heated to 300° C. The volume of the 
sample in A was determined by weighing the displaced mercuty. 
The observations of compressibility and thermal expansion wel 
made in the same way as before. This method has the follow 
advantages: (1) The volume corrections for changes in temperature (! 
the mercury in capillary tubing outside of the bath are smaller becal 
mercury expands less than oil; and (2) the entire sample, with tle 
exception of the small amount in the valve, V;, and in the short lengtt 
of capillary tube between V; and M, is at a uniform temperatul 
This method simplifies considerably the computation of the resu!ts 
although it introduces two minor disadvantages: (1) A separsl 
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asurement must be made of the volume of each sample at 0°C., 
{ (2) the height of the mercury column between h and the oil-mer- 
-y meniscus in A can not be observed directly. The latter is not 
ous, however, as the position of the oil-mercury meniscus can be 


mputed with sufficient accuracy from the known amount of mer- 


yin A. 
. 3. TEMPERATURE OF EMERGENT STEM 

One of the largest corrections to the expansion data is for the expan- 
nof the oil and mercury in those parts of the capillary tubing which 
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Figure 2.—Temperature distribution along emergent stem 



























































xtend out of the bath. In order to determine the shape of the temper- 
ture distribution curve along this emergent stem the following 
xperiment was performed: A thermocouple junction was cemented to 
@ long pyrex capillary tube, practically identical with the tubing shown 
1 Figure 1. With the bath maintained at the constant temperature of 
00" C., this tube was placed with one end in the bath and one end 
xtending into the room. Measurements of the emf of the thermo- 
ouple were made when the junction was at various distances from 
he surface of the liquid. The tube was allowed to remain in each 
osition until the reading of the thermocouple had become steady. 
n Figure 2 the observed temperatures are plotted against distance 
tom the liquid surface of the bath. Curve (a) was obtained when the 
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bath was covered with a sheet of asbestos about 0.5 em thick, Jeg 


an air space 8.6 cm deep between the cover and the surface of | i 


bath liquid. Curve (6) was obtained when insulating material § 


0¢ 


in thickness was attached to the lower side of the asbestos coy 
leaving an air space of only 2.6 cm. Temperature equilibriu 
atts ained more quic ‘kly in case (a), but the -% ape of the temperaty 


distribution curve is such that a wastes of thermocouples would) 
required to determine it. On the other hand, curve (6) is much; 
and for the purpose of calculating the stem correction, can 
further simplified by replacing that part of it which represe; 


ditions up to 9 em from the liquid surface, by the dotted | lines ail 


and BC. The maximum di on between the experimental 
al the dotted lines is about 5° C., while the integr: ated tem} 
difference is practically zero. Since an error of 5° C. over the 


length of the curve would cause an error of only about 0.004 per cg 
in the total volume of the sample, the approximation appeursfil 
sufficiently accurate. The greater ease of determining the — 


ture-distribution curve with the thicker bath cover was thou 
outweigh the advantage of more rapid attainment of equil 





with the thinner cover, and consequently the thicker cover wes ws4 
In the measurements of compressibility and thermal expansion, i 


line B C was obtained by means of two thermocouples (c; and 
fig. 1) attached to one of the two stems projecting out of th 


The points at which these thermocouples are attached are indicate 


by the two arrows in Figure 2. The line A B was obtained fr 
observed temperature of the bath and the temperature at B. i 
assumed that the temperature distribution between the liquid s 


and the top of the cover is the same along both of the stems whid 


project out of the bath. This assumption is suppo yrted by . . 
that the two couples fe, and Cs, fig. 1) just above the top of tl 
cover indicated practically identical temperatures. 

4. CALIBRATION OF APPARATUS 


The voluine of the right arm of the capillary U tube, gh, 


sage This process was repeated until the meniscus had reac 


1? 
the zero of the scale. The temperature of the mercury was assullt! 
to 


on that of a mercurial thermometer hung beside the U tt! 


A correction for the change in pressure due to change in the heig! 
of h was applied to the readings. Figure 3 shews the deviations é 
the observed volumes from the straight line: 


Ve = Vis T 0.01533 (R— 15) 


where # is the height of the meniscus above the zero of the sei 
centimeters. The bore of the capillary was found to be 

below R=15 and weve R=60, and consequently only the s 
between these poi wes used. 


from the zero of the scale up to various other points on the scale wis 
j ° . 4h . s i 
determined as follows: The apparatus was filled with mercury wil 
the exception of the valve, V,, and a short length of the capillary 
helow it, which were filled with water. The bulbs, A and B, we 
immersed in ice baths, and the position of h was noted on the set: 
A small amount of mercury was removed through valve, V2, caui 
in a small beaker and weighed, and the new position of the meni 


aes mani CRAM <r 1 INF 
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Vhen the apparatus was in use the km A was always immersed 
point, 14, located 15.0 em below the bottom of the glass-metal 
‘b (fig. 1). The volume between M and N was determined at 
as follows: The apparatus was filled with mercury to the point 
The capillary above this point and the valve, Vj, were filled with 
The bulbs, A and B, were immersed in ice baths and the 
scition of the meniscus h noted on the scale. Mercury was then 
moved through the valve, V2, and water admitted through V; until 
e mercury-water meniscus reached the point, N, and the position of 
vas again noted. The mass of the mercury removed and the change 
the position of h give the necessary data for determining the volume 
{4 between the points Mand N. The density of mercury at 0° C. 
as as sumed to be 13.5951 g per cm’. Two determinations of the 
lume of A gav 6 results agreeing within 0.01 per cent of the mean 
93.9836 cm’, 
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Figure 3.—Calibration curve of capillary 


The volume of the connecting capillary tubing was determined in 
ontinuation of the above-described experiment by admitting water 
thi V, and observing the change a position of the two menisci. 
The seeping —— two positions of the water-mercury meniscus 
adjacent to the bulb A is measured by the corresponding change in 
position of the meniscus h. The volume of the capillary above M/ 
Bwas det rmi ned in the same w ay. The internal volume of the vaive, 
PV, b x he needle was calculated from its dimensions. The values 
found for these volumes were as follows: 
em$ 
Volume of glass capillary above M ah 0. 1271 
Volume of valve, V1, below needle_____- er . 13807 
Volume of capillary from N to O (zero o of sea - ... . 8206 


The volume of B between the T-joint above and the metal con- 
4 hection, fj, was determined from the weight of mercury required to 
fill it at 0° C. and found to be 5.66 cm*, The volume of the metal 
e connec Hing tubing, t, between B and V, was not measured since it is 
B SO sn nal ths t changes i in room temperature do not cause any appreci- 
able change in the volume of the mercury contained therein. 

ioe chenge in volume of . bulbs with pressure was measured as 
& fol The apparatus was filled with mercury with the exception 
i of the ie V, and about 1 cm of the capillary below it, which were 
illed with water. The bulbs A and B were immersed in ice baths, 
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and the procedure described above for the measurement of ep a 
pressibility was followed. The compressibility of mercury at 0 ( ue ' 
was taken as 3.8 10~° per kg/cm’, which is numerically equal to je! 
slope of Bridgman’s* volume-pressure curve at 25 kg/em’. y sles 
value found for the change in volume of the apparatus With pressyp 
was 0.000484 cm® per kg/cm’. 7 | 

Values for the change in Young’s modulus with temperature { 
various glasses are given in International Critical Tables. \,MBMBAs: 
figures are given for pyrex, but those given for other glasses, inely 
fused quartz, indicate that the change is negligible over the rangp 
to 300° C. The change in volume of the bulb B with pressure yi 
determined by filling it with merc ury to some point in the verti 
capillary above it, admitting carbon dioxide to the remainder of ; 
apparatus and observing the change in position of the meniscus 
pressure. The value found was 0.000102 cm® per kg/cm’. 

To determine the change in volume of bulb, A, with te mperatur, 
the apparatus was filled with mercury, except for the valve, V,, an 
about 1 cm of the capillary below it which were filled with wate. 
The procedure followed was the same as that described for the dete. 
mination of the thermal expansion of an oil sample. The data us 
for the expansion of mercury were those given in the Internation)! 
Critical Tables. These data are probably not sufficiently accurs 
to give the value of V/V for mercury to better than about 0.0! pz 
cent. 

The observed volumes of the bulb, A, are represented closely | 
the linear equation: 





Ss 


COMPRESSIBILIT VY * 10 


V,= 23.9836 + 0.000238 t 
as is shown by the data given in Table 1. 


TaBLE 1.—Comparison of observed and calculated volumes of bulb A 





| { Fa ee eS ee 
Tem- | 


V | obser — Vecaleulatec 
perature | Vobserved | caleu- | Vobserved—V calculated 


lated V observed 
} } 
| 
| 
23.9836 | 
23. 9903 
23. 9944 
59. 33 23. 9971 
| 24,0014 
24. 0018 
24. 0194 
24.0362 | | 
24.0493 | 4.05 
' 














. 
When the bulb, A, was removed from the bath after this calibr- Stel 
tion, it was found that the internal surface of the bulb was covered 
with a large number of small gas bubbles. Apparently, the lov i 
value of the observed volume at 300° C. may be attributed to the #% 
release of adsorbed gases by the walls. In subsequent experiments 
the bulb was heated to 300° C. and evacuated before filling and 1 3¥® 
further evidence of gas bubbles was obtained. - 

Making the usual assumption that the coefficient of cubical expat 
sion is three times the coefficient of linear expansion, the above 7 
measurements yield the value 3.31 10~° for the mean ‘efficient dl i. 





—— e | 


¢ Proc. Am. Acad, Arts and Sci., 47, p, 347, 1911, 4 
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ear expansion of pyrex glass over the interval 0° to 300° C. This 
je agrees Well with the mean value 3.2 x 10~° for laboratory pyrex 
er the interval 19° to 350° C. recorded in International Critical 
shies, Vol. III, p. 98, and credited to the Corning Glass Co. A 
newhat larger mean value, 3.6 10~*, for the greater interval 21° 
471° C., was obtained by Peters and Cragoe ® on a ring section cut 
ma Florence flask of pyrex. 

As a check on the calibration of the apparatus, a few measurements 
sre made of the compressibility and thermal expansion of water.® 
»e observed relative volumes, V,/V,, of water at atmospheric pres- 
are given in Table 2, together with corresponding values taken 
m International Critical Tables, Vol. II], p. 26. 


50x 


NK 


O PRESENT WORK 
A BRIDGMAN 

X AMAGAT 
@®TYRER 


NX 
fe) 


COMPRESSIBILITY x 10° 


10 20 30 40 50 60 70 80 
TEMPERATURE -DEGREES C. 


Fiagure 4.—Compressibility of water 


TABLE 2.—-Expansion data on water compared with I. C. T. data 





Relative volumes [_. } 
Temper | | Difference, | 

oat — = | 
ature °C} ee | 


n 





0 | . 00000 1, 00000 
25.98 | . 00306 1. 00306 
40.36 | 1.00781 1. 00783 
| | . 01716 1.01718 
|} 80.54 | . 02918 1. 02921 


| 
| 


a 
_ 
| 
| 





lf the differences shown above are due to a systematic error in the 
ilibration of the apparatus, and if the error increases with tem- 
erature at the rate indicated by these differences, it would amount 
) about 0.01 per cent of the volume at 300° C. 
The results of the compressibility measurements are compared 
igure 4 with values of compressibility obtained by Amagat ? 
Tange 1 to 50 atmospheres), Tyrer ® (range 1 to 2 atmospheres) and 
Falues deduced from Bridgman’s* work. Bridgman gives his results 





P| 8. 8. Sci. Papers, 16 (S 393) p. 449; 1929. é 
‘ sample of distilled water used was boiled vigorously to remove dissolved air prior to filling the 


‘Aun. Chim. Phys. (6), 29, p. 544; 1893. 
. Chem. Soc., 107, p. 1675; 1913. 
Toc, Am, Acad, of Arts and Sci., 47, p. 441; 1912, 
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in terms of relative volumes at pressures differing by step 
kg/cm’. Values of mean compressibility between 0 and 50 ke 


were obtained from his results by fitting the data at each ten 1peraty 
with an equation of the form: 7 


vp =ap—bp? 


and plotting a deviation curve. From the volumes at 


obtained in this way and the volumes at zero pressure the yyjy, 
of mean compressibility between 0 and 50 kg/cm? were compute; 


5. COMPUTATION OF DATA 


The method of computing values of V,/Vo at atmospheric presay 
from the observed data is illustrated by an example in Tables 3 ani 
The method consists in computing the total volume which the sayy) 
would occupy at 0° C., and at the higher temperature (225 
if the oil in the capillary above M and in the value, V,, were ati 
temperature of the bath. Values of V,/V, at the lower temperaturs 
75° and 150° C., had been obtained previously, and 
V,/Vo against temperature had been dra wh and ext gon 
225° C. The values of V,/V> and V2»;/V, given in Table 
tained from this curve. At the higher temperature the | lar 
perature gradient along the capillary and the fact that the v 
temperature curve is not linear, make it necessary to obtain val 
of V.»;/V, corresponding to the mean temperatures of short s 
of the capillary and correct for each section separately. 

The value given in Table 4 for the mass of mercury betwee: 

N at 0° C. was obtained from the known mass of mere ury re 
fill this space at 0° C. and the mass displ: aced by intro ducin 
sample. The mass displaced was determined from the weil 
mercury removed through V2, and the change in position of th 
cus h. The mass of merc ury between M and WN at 225° C. waso's 
tained from the mass at 0° C., and the mass expelled by the ex 
of the oil. ‘The mass expelled was obtained from the weig 
cury removed through V2, and the change in position of the 

h, corrected for the expansion of the mercury in the capillar 
position of h in each case was corrected to atmospheric pressu 
means of the compressibility data. 


TABLE 3.—Corrections for emergent siem 


Mean temperature | Data obtained fre om | Vi 


Location , 
with bathat— | V:/ Vo curve— 


| of section _ 

Secticn No. distance 
above ba th | 
liquid | } 3. | 225.01° ¢ 


Volume | 
of section a an 








1. 1590 arr 0. 1281 
1.0179 | . 1248 
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TABLE 4. Mian cme of V./V 


Bath tempera ture 
Item Lowy 1 gees 
225:01° C. 





otween M and N (equation 2) >m3_ . 98% 24. 0371 
nie SALQNON AEN MINCE 6 koe Gita in kth daja-~sabbodeasseon -----Z--| 66.995 3. 2746 

1 k 3. 0529 

. 4000 

Serer yee ee bail 22. 6371 
ve M re duced to bath te mpe rature ‘(Table 3). -m3_ 252 ( . 2905 
pope il sample at bath temperature m3 __ ( 22. 9276 





The computation of compressibility is illustrated in Table 5. The 
ass of mercury between M and WN at 50 kg/cm? is obtained tiesin the 
ass at 0 kg/em? (Table 4) and the observe d change in position of the 
eniscus h when the pressure is applied, correc ‘ted for the compressi- 
lity of the mercury in B and in the capillaries, and for the expansion 
B with pressure. The value used for the compressibility of mer- 
iry at 225° was obtained from a linear extrapolation of Bridgman’s 
ues at 0° C. and 22°C. The volume of mercury in A isso small 
995° ( ‘. that even a large error in the value of the compressibility 
mercury would not cause an appreciable error in the compressi- 
jlity of the oil. The reduction of the volume above M to the bath 
perature was made in a manner similar to that shown in Table 3, 
ing a volume-temperature curve for 50 kg/cm? to obtain values of 
Me) A 
5.—Computation of compressibility 
bath temperature. C... 226501 
folume be tween M and N at 50 kg/em?= 24.0371 ++ ( (0.000484 — 


0.000102 -.-.€m*.. 24.0562 
‘ury betr ween M and N=18.2746+ 2.7542. 21. 0588 
ty oa mercury = 13.0529(1-+- 50 X 5.6 X 10-6)__________g/em$ 3. 0566 


f 


e of mercury 8 . 6128 
i] 


me of be below J rm3__ 22. 4434 
- of oil | above M reduced to bath temperature I . 2890 
volume of oil at bath temperature and 50 kg/cm? mi 22. 7324 
ume of oil at bath temperature and 0 kg/ cm? (Table 

22. 9276 
ume of oil due to compression ems__ . 1952 

re ee ees seed em?/k 0001703 

ressIDUI1ty = 7; = ine ee “/Kg.- . 

y~V, 50  22.9276X50 _ 


IV. RESULTS 
1. DATA OBTAINED 


M ‘asurements have been made on 14 samples. Observations on 
faci sample were made at 5 or 6 temperatures and at from 4 to 6 
ress at each temperature. The data on two of the samples 
10 and 12) are shown graphically in Figures 5, 6, and 7 
shows curves of V,/V, at atmospheric pressure olectel 
temy perature. Figure 6 shows the mean compressibilities 
etween 0 and 50 kg/em? ‘plot ted against temperature. The compressi- 
lity decreases with pressure. Figure 7 shows the error introduced 
py assuming the compressibility independent of pressure and equal 
pt the mean compressibility between 0 and 50 —. 
Information regarding the sources of s — 1,2 2, 3, and 4, together 
ALS. T. M. distillation data, and values of specific oravity at 


i, is given in Table 6. Relative volumes and mean com- 
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pressibilities between 0 and 50 kg/cm? for these samples are oi, 
in Table 7. Table 8 gives information as to sources of sampl 
to 14, inclusive, together with values of specific gravity at 60° G0) 
and viscosity at 100° F. Table 9 gives values of relative volume » 
mean compressibility between 0 and 50 kg/cm? for these samp), 
The vapor pressures of four of the oils (samples 7, 8, 9, and 10) 

greater than atmospheric pressure at the higher temperatures. 4 
300° C., for example, it was necessary to maintain a pressure of 3; 
5.5 kg/cm? on these oils to prevent the formation of vapor, } 
values for the volumes of these oils at atmospheric pressure, anj ; 
temperatures above the boiling point are given in parenthess ; 
Table 9. These values were obtained by extrapolating the press 
volume curves to atmospheric pressure, as indicated in Figure; 


140 








136 


132 





128 








124 











yr 
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100 z= <4 
0 40 80 120 160 200 240 280 320 
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Figure 5.—Expansion curves of samples 10 (upper 
curve) and 12 (lower curve) 






































TABLE 6.—Description of samples 1 to 4, inclusive 





4.S. T. M. distillation data 
50 90 | 
per per 

cent | cent | 


Material 


a 


| 
Source : | 
Initial | per | 


Max- Loss 
. LOS> 
imum 

| cent r 


| | Per | 
°C.|°C.| °C. | cent | cont 


| 


l 
| 


| a Oe 
1 Cracked gasoline __| Los Angeles basin_ 51 | 109 |163 215 | 224] 1.5} 
2 | Fighting aviationgas.| West Virginia__- 53} 75 | 79.5 {110 163 | 
3 Re! eee —s Oklahoma | 58 | 68] 72.5| 85.5! 106; .51] 
4 Liquefied petroleum |__ ‘ | 14.5 per cent propane, 84.4 per cent butane, 1.1 per 
gas. not determined 
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Figure 6.—Mean compressibilities of samples 
10 (upper curve) and 12 (lower curve) 


TaBLe 7.—Data oblained on samples 1 to 4, inclusive 
SAMPLE 1 


Relative volumes and mean compressibilities 





| 27° C. | 28° C. | 35° C. | 36° C. | 40° C. 


. 00000) 1.02865)... ._- A i es | 
-99910 1.02752'_- --| 1.08632). oe 1. 05346 
. 99821; 1.02642)...... 1, @3512)..-.- 1, 05210) - - 
99731 2% 1. 03394 ’ 1. 05076 
. 99646 1.02421)_- 1. 03277) -- . » 1. 04944 
1, 02314) _- .| 1.03161 i 1, 04814 


-|11. 43 


SAM PLE 2 


00000! 1.03436) ____- ; ea-c--| 1,06227]....-.--| 1.07424]_- . 09764 
. 99882 03282 E . 05049 1. 07215) - - 3 . 09516 
. 99765) 1.03130 . 04875 ae 1. 07008 : . 09273 
- 99650; 1.02980 1. 04702) _ - 1. 06807 . 1.09036 
. 99537) 1. 02832 . 04535 1. 06610) - . 08806 
. 99426) 1. 02686 . 04372 1. 06417 . 08583 


| 


.|18. 75 Ser 
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Relative volumes and mean compressibilit 
Pressure, kg/cm? , 
(gauge) | | | 
27° C. | 28°C. | 35°C. | 36°C. 


1.00000) 1.03554)........]........]........] 1.05408]___- 
. 99882) 1.03397|___- aren eee 
. 99763) 1. 03241 Se } | 1.05046 
1. 03089 __ _ é Se 
1. 02937 ] | 1.04696 
5! 1. 02788 | 1. 04526 
Mean compressi- 
bility 105__...._|11.70  |14.79 


| 
' 


SAMPLE 4 





| | | 
| 1.00000).......-] 1.05608]......_ 1.074761 
. 99839) _ - ars . 05309) __ . 1. 07189) 
.99616|_.______] 1. 05018]__ _.! 1.06803! 
.90411/_.....__] 1.04704|_..__.__] 1.06442 
. 04403}. ___ 1. 06097 
. O4111)_- -| 1.05773! 


Mean compre | 
bility x 105 21. ; : . 30. 82 34. 45 
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50 6) 20 
GAGE PRESSURE- Kg/cm* 
Ficure 7.—Error introduced by assuming the compressibilit? 
of samples 10 (left) and 12 (right) independent of pressure 
equal to the mean compressibilities between O and 50 kg/cm? 
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ABLE 8.—Description of samples 5 to 14, inclusive 
I ‘Z 


Material 


Spindle oil 
I 


} 
do 








Source 


Los ‘Aiaie Ss basin 


Oklahoma.._-- 


_| Mid-Continent 


Bradford, Pa., district. 


Viscosity at 100° F. 
acerca | Specific 
gravity, 


Universal 


| 
Kinematic | 
} 


cgs units ee 
0. 317 147 | 
.317 147 | 
. 062 46 
. 042 40 | 
. 056 44 | 
. 028 | 36 | 


Oklahoma (Tonkow a-Osage). ) 7 . 698 318 
| Gulf Coast - 
| Pennsylvs inia 


a ciedanion 


.713 325 
. 658 300 
. 953 | 433 





Saybolt | 60°/60° F. 





TaBLE 9.—Data obtained on samples 5 to 14, inclusive 


pressibility 105 


SAMPLE 5 


. 00000 
. 99943 
. 99886 
. 99830 
. 99775 
. 99721 


5. 58 





* 90886 | iii 
. 99829 |_- 
. 99774 |_- 
. 99719 |_- 


1.05745 | 1.12186 | 1.1971; 
1.05656 | 1. 12041 | 1, 1946 
1. 05567 1. 1923s 


: 
| 1, 05480 | 117 1. 19010 


1, 18785 |_- 
1. 18563 | 


. 0575 . L2is 1, 19737 
. 05660 . 12082 1. 19494 
. 05572 . 11912 | 1, 19263 
. 05486 . 11775 | 1, 19035 
. 05400 | 1. 18810 
. 05314 . 11503 | 1, 1858s 





3. 25 2. 37 | 9.19 











mpressibility X 105_ 


mpressibility X 105_ 


...| 1. 00000 | 
..| . 99935 
- 99873 | 
. 99813 | 
. 99753 
. 99693 


6.14 


. 06218 | 1. 13360 | 
.06116 | 1.13189 | 
. 06018 1. 13023 | 
.05921 | 1.12858 
. 05825 1. 12698 | 

. 05728 1. 12541 | 


14. 45 


SAMPLE 8 


| 1. 00000 | 
| . 99939 |__- 


nes Ae 


. 06262 
06165 

. 06070 

. 05975 | 

. 05881 

. 05790 | 





ek” ok Nk les Ee ee | 
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TABLE 9.—Data obtained on samples 5 to 14, inclusive —Continueg 


SAMPLE 9 


Relative volumes and mean cor mpressibili 


Illes 


75° C., 


1. 00000 sonnnt A ORR | 
- 99942 }_____. 1. 06118 | 
. 99883 esee 1. 06024 
. 99825 se 1. 05930 | 
. 99766 ; 1. 05837 

i . 99708 |____ 1. 05764 | 


Mean compressibility x 105 . 84 8. 79 13 7 75 


SAMPLE 10 


0 . 00000 : 1. 06788 
10 . 99930 1. 06671 
20 . 99861 1. 06555 
30 . 9979: 1. 06440 
40 . 99725 1. 06327 
50 . 99658 1. 06217 


Mean compressibility 108 6. 84 10. 70 7. 47 30. 94 


SAMPLE 11 


Oi - 1.00000 | 1.05561 | 1.11685 1. 18749 
10 . 99948 | 1.05480 | 1.11555 1. 18529 
20 . 99895 | 1.05400 | 1. 11428 1. 1832, 
30 -| . 99843 1. 05321 . 11303 1. 1812, | 
40____ --| . 99792 1.05242 | 1.11180 1. 1792) 
50_- . 99741 1.05164 | 1. 11058 1. 17724 | 


| 
Mean compressibility >< 10° 5.18 5: i= 7. 02 | 


| 1. 00000 L. 1. 18444 
- 99949 1, 1, 18239 
. 99898 . 05247 z. | 1. 18033 
- 99848 L 1. 1784; 
. 99799 1. 1. 17649 
. 99751 1.05021 | 1. 1083 3 | 1.17463 
yX105 | 4.98 | 7.27 | 10 79 


SAMPLE 13 


on 1 1923, 
4] 1.19007 


en 

18 

17: 0 1. 18787 
I 

I 

lt 


! 
0 ; . jdbmewews 1. 00000 1, 02282 | 1.05719 
10 ; : - 99942 1, 02217 | 1. 05632 


30 - 99827 | 1.02088 | 1. 05463 
40 . 99770 | 1.02018 | 1. 05381 
50 . 99714 | 1. 01961 1. 05299 


588 1. 18572 
458 | 1. 18364 
1. 18169 


329 | 


if 

1. 

20 : . 99884 | 1.02152 | 1. 05548 1. 
! 

l 

1 


] 
] 
l 
| 
1] 
1 


~- - | 


Mean compressibility x 105 5. 72 | 6.27 7. 94 11. 80 18. 02 


| | | 

1. 00000 | 1. 02269 | 1. 05866 . 11849 | 1. 1895; | 
- 99042 | 1.02205 | 1.05581 | 1. 11715 1. 18732 
1.02141 | 1.05498 | 583 | 1. 1851s 
1. 02077 1. 05416 | % 453 | 1. 18316 

1.02015 | 1.05335 | 1. 11327 1. 1810s | 
| 1.01953 | 1. 05258 1. 11203 1. 17908 


7. 76 55 17. 53 


Mean compressibility X16 5. 66 | 6.18 
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Before any measurements had been made at the higher temperatures 
was expected that considerable difficulty would be experienced 
those temperatures due to dissolved air coming out of solution. 
order to avoid this expected difficulty an attempt was made to 
nove the dissolved air from sample 5 by evacuation. Some of 
o lighter constituents of the oil were probably removed by this 
oeess, so that the properties of the sample were changed to some 
tent. Sample 6 is the same as sample 5 except that no attempt 
1d been made to remove the dissolved air. As the expected diffi- 
ity did not materialize in the case of sample 6, no effort was made 
remove the dissolved air from the other samples. 
The data on samples 11, 13, and 14 indicated abnormally large 
‘pansion in the range 0° to 75° C. It was also noticed that these 
s became cloudy when cooled to 0° C., indicating that wax had 


O SAMPLE II 
4 SAMPLE 1/3 
O SAMPLE /4 


In [OOOO 


T 
fc 
< 
ea 

" 

- 

< 

= 

jo 

< 

> 
Q 


8 16 24 If 40 48 56 64 7a 80 
TEMPERATURE- DEGREES C 


FicurE 8.—Deviations of expansion curves of samples 11, 13, and 14, from 
straight lines 


egun to freeze out at this temperature. The compressibilities of 
mples 13 and 14 were also abnormally large at 0° C., probabiy 
ue to additional precipitation of wax at the higher pressures. The 
ms of the expansion curves of these three samples were investi- 
ated in the range 0° to 55° C. by means of a dilatometer which 
ad been made for another investigation. Figure 8 shows the 
eviations of the observed expansion curves from straight lines through 
he 0° and 30° points. The volumes at 75° obtained by means of 
he apparatus shown in Figure 1 are included, showing that the 
Wwo sets of data are in good agreement. It is seen from this figure 
hat the expansion curves are concave downward at the lower tem- 
peratures, whereas such curves are normally concave upward. 
The large expansion of these samples at the lower temperatures 
B also shown in Figure 9, where the ordinate is a quantity analo- 
ous to the mean coefficient of expansion. The curves for samples 
» 13, and 14 bend up more sharply at the lower temperatures 
an do those for the other samples. 
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At 300° C. a gradual increase in the volume of some of the samp), 
was observed. This was probably due to a slight cracking of ¥), 
oil. In some cases the increase in volume was measured by repeat, 
ing the observation at 0° C. after completing the observations gt 39: 
C. For sample 8 the increase in volume was only 0.002 per aa 
at 0° C., which is within the limits of accuracy of the measuremen; 
For samples 12 and 13 the increase amounted to 0.014 and 0 y 
per cent, respectively. Observations at 0° C. were not repeated 
for any of the other samples. For sample 10 the change in volume 
at 300° C. during the time required for the observations (aboy oa 
hour) amounted to about 0.02 per cent. The change for the o:ho 
samples under the same conditions amounted to about 0.005 per coy; 





100, 

































































100 300 3550 


. V.—V 
Figure 9.—Plot of 5 r against temperature for sam- 


t 
ples 5 to 14, inclusive 
2. ACCURACY OF THE DATA 


As mentioned in Section III of this paper, there is an uncertainty 
in the data used for the expansion of mercury amounting to 0! 
per cent in the value of V,/V, at 300° C. In addition, there 1s u 
uncertainty at 300°C. of about 0.015 per cent due to cracking 01 tht 
oil. The errors involved in calibration, in applying the vamots 
corrections, and errors of observation probably amount to abo 
0.005 per cent at 300° C. The estimated maximum error is thet 


fore about 0.03 per cent in the value of V3q/V. at atmosphen f 
pressure. The errors in the values of V,/V> at the lower temperatults 
are probably considerably less. 

Bridgman’s value for the compressibility of mercury (3.8 1!" 
judging by the precision of his observations and the agreement Wl 
values obtained by several other observers, is probably accurit 
within 0.1 10-®. The precision of the observations in the preset! 
work, as shown by Figure 7, indicates that the values of mean coll 
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are accurate within about 0.6X107° at the lower tem- 

At 300° C. the change in volume due to cracking intro- 
b ces some UNC ertainty, although the method of making the observa- 
ions tends to eliminate errors due to this cause. 


QUANTITIES CALCULATED FROM THERMODYNAMIC RELATIONS 


The data obtained are sufficient to permit the caleulation en 
umber of quantities by means of general rel: ations derived f 
aws of the .modynamics, For example, the difference oi the specific 
heats is give n by 


m the 


he change in C, with pressure by 
(9C, 
% Op 


the change in internal energy wit! 


( = ) 
\ dv Jo 


change in heat content 


/0h ) 
\ap. T 
order to make use of these relations it 


+h, nt? j a t7 a tr . 
Une partial derivatives of volume 


] r 1 . . e ; 
and pressure. The derivatives wit 
sample (sample 12) were obtained 
ation expressing V,, ; 


E ressure: 


V,/Vo=1+0.65 ); .2150 
69645 ( 1000 0.21 


alues of V,/Vo « computed from this equatior 
vith the observed values. 


ymparison of observed and calculated values 
e for sample 12 


a tice ont 
Temperature ‘ 
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[Vol 


: 25 
The partial derivatives (sr), and ( : af were obtained by mu 


Pp 
plying the above expression for V,/Vo by the specific volume of jj 
oil at 0° C. (1.0607) and differentiating. The compressibilitic; , 


: : af 
atmospheric pressure were obtained from the mean compressibj| 


1H 
Lue 


by means of deviation curves similar to those of Figure 7, 1 
compressibility at each temperature was multiplied by the speig 
volume of the oil at that temperature to obtain the value of jy 


— Ov Soe ot 
derivative (=), The values of these derivatives, together yj 


values of C,, C,—C,, etc., are given in Table 11. The values of ¢ 
were obtained from an equation by Cragoe” for an oil of the sand 
specific gravity as sample 12. 


TABLE 11.—Quantities derived from data on sample 12 at atmospheric pressy» 
I p Pp 


Ov 
Op 


emi/g 
cmt/g °C, cm3/g(°C.)2 10’ dynes/em’ 
7. 39 0. 46 —5. 61 
7.99 1. 16 y 

9. 13 1. 87 
10. 80 2. 58 





‘ OD 020 
Temperature °C, ( yr) X10" (sm) xX 10° 
\ } P 














Joules Joules/g 
g°C. kg/cm? 
2 Ms -1. 9 


4. CORRELATION OF DATA 


Inspection of the data in Table 9 showed that the relation betwea 
specific gravity at 60°/60° F. and thermal expansion over a moder 
temperature range (0° to 50° C.) found by Bearce and Peffer” di 
not satisfactorily represent the data over the larger temperatir 
range (0° to 300° C.). For example, samples 9 and 14 are of appror 
imately the same specific gravity (0.88), but the values of V/V) # 
atmospheric pressure for these samples are 1.33 and 1.27, respectively. 
The fact that the compressibilities of these samples at 300° C. at 
40.8X10~° and 27.5X10-° per kg/cm’, respectively, indicates t 
there is no close relation between compressibility and specific gravitl 
at least at the higher temperatures. . 

The data indicated, however, that both thermal expansion st 
compressibility were more closely related to the viscosity of the 0s 
When values of V,/V, are plotted as ordinate against kinematic \ 
cosity on a linear scale as abcissa, the lines for a given temperatl 


10 Thermal Properties of Petroleum Products, Miscellaneous Publications of the Bureau of Stand” 
No. 97; 1929. 
11 B, S, Tech, Paper No. 77, 
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eurve upward markedly in the region of low viscosity. The curva- 
ure was much reduced when the values were plotted against a linear 
gale of 1/log (1,000 y/p)? as abcissa, where p/p is kinematic viscosity 
at 100° F. in egs units, 

It was found that the observed values all lay on a smooth curve 
yithin about 1 per cent. The directions of the deviations indicated 
that the agreement would be improved by using 1/dVlog (1,000 y/p) 
ss the independent variable (d is specific gravity at 60° F’. referred to 
water at the same temperature). Figure 10 shows the curves obtained 
in this way for the temperatures 75°, 150°, 225°, and 300° C. The 
values of V,/Vo for samples 13 and 14, as plotted in Figure 10, have 


\/d Viog(1000 7p) 


Figure 10.—Correlation of expansion data 


been lowered by 0.2 per cent from the observed values in order to 
eliminate the effect of the abnormally large expansion in the vicinity 
of 0°C. As might be expected, the deviations of the observed points 
from the curves are larger at the higher temperatures. The maximum 
deviation is 0.4 per cent of the value of V;,/Vo at 300° C. 

Figure 11 shows curves of mean compressibility at the various tem- 

peratures plotted against the same independent variable. The 
laximum deviation of an observed point from the curve to which it 
belongs is 2X 1075 per kg/cm’, corresponding to a difference of 0.1 per 
cent in the volume at 50 kg/cm?. 
Data obtained from the curves of Figures 10 and 11 are shown in 
igures 12 and 13, respectively, plotted against 1/Vlog (1,000 u/p). 
he curves in these figures are curves of constant specific gravity and 
emperature, 


‘ 





nT} a 1} > ic : 1 2 . . ‘ . s = 
*He use of this quantity as the independent variable was suggested by C. S. Cragoe, of this bureau. 
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Tables of the relative volumes of oils at various temperatures and at 
» pressures are given in the Appendix to this paper. These tables 
~e obtained from the data of Figures 12 and 13 by plotting values 
yolume against temperature, and drawing curves through the 
‘ats. ‘Two curves were drawn for each oil, one for atmospheric 
essure and one for 50 kg/cm’. The curves were drawn by means of 
line and were extrapolated to 400° C. Values of volumes at 
mperatures above 300° C. are given in parentheses in the tables, 
order to emphasize that these values represent extrapolation 
yond the range covered by the experiments. 


OF (SAY BOL VERSAL 
r weanes AT — YBOLT UNIVE it) 9 


Sb & a 
b— 


OQ 


MEAN COMPRESSIBILITY x10> 
) > 


0°C 


° 


256 


50°C 
75°C 
0°c 


KINEMATIC VISCOSITY —C.g.s unils 
08 O84 O80 076 O72 O68 O64 O60 a56 052 


/ Viog(000 yy/p) 


Figure 138.—Curves showing relation between compressibility and 
cinematic viscosity for oils of various specific gravities 

As mentioned in Section IV, the vapor pressures of some of the 
ter oils are higher than atmospheric pressure at the higher tem- 
eratures. The values of relative volumes at atmospheric pressure 
ven in the Appendix may represent fictitious values at the higher 
mperatures if the vapor pressure is greater than atmospheric pres- 
fre. They are, however, the values which would be obtained by 
Rirapolating the pressure-volume curves to atmospheric pressure, 
dare given for convenience in interpolating. 


V. COMPARISON WITH PREVIOUS WORK 


Measurements of thermal expansion of oils from various sources 


BVe been made by Bearce and Peffer.“ Measurements of thermal 
Pension of a number of California oils were made by Zeitfuchs."* 





footnote 11, p. 1004, 
“ad. and Eng. Chem., 17, p. 1280; 1925. 
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Fortsch and Wilson © give expansion data on a number of ojls | 
give no information as to methods of measurement. "a 

Direct comparison of the present measurements with thos, 
Bearce and Peffer and those of Zeitfuchs is not possible, ag ¢, 
observers do not give the viscosities of their samples. It ¢gy | 
shown, however, that their measurements are at least not inp 
sistent with those described in this paper. The results of Bey 
and Peffer have been embodied in Bureau of Standards Cjpq) 
No. 154. Expansion data from this circular are compared in 7))j 
12 with similar data taken from the tables in the Appendix to } 
paper. It is seen that for an oil of a given specific gravity the valy 


20 60 100 1440 180 220 260 300 340 380 420 
TEMPERATURE-DEGREES C 


FicurE 14.—Comparison of data of present work with those of 
Zeitfuchs 


of V,/Veo from Circular No. 154 usually lie between the highest a 
lowest values from the present work. 

In Figure 14 the results of Zeitfuchs, represented by circles, 
compared with data from the present work, represented by ‘ 
curves. Each curve is for an oil of the same specific gravity 8 
corresponding oil reported by Zeitfuchs and of a viscosity so cho 
as to make the agreement with his data as geod as possible. 1 
high values obtained by Zeitfuchs at 410° C. are probably due! 
cracking of the oil and the consequent formation of gas bubvi 
Table 13 gives Zeitfuchs’ values for the specific gravities of the vall(! 
oils together with values of kinematic viscosity inferred from ® 
expansion data. These values of kinematic viscosity, excepting thé 
for the two samples of mineral seal distillate, are in fair agreeliél 





16 J, Ind. and Eng. Chem., 16, p. 789; 1924. 





Compressibility of Ouls 1009 


‘) a curve of viscosity versus density for California oils based on 
work of Lane and Dean.'® 


tp 12.—Values of V4/Voo from B. S. Circular No. 154 compared with present 
work 


Specific gravity, 60°/6 
0.85 


Kinematic viscosity at 100° F. (« 


} | 
0.028 | 0.200 0.049 | 5.000 0.200 | 5.000 10.042)! 1.100 


C, 154 
Present | Present Present | -resen Present 
work | work — 7 | work | work work 
pom PeeN | ns 

)} 0. 981} 0.981) 0. 982 lo. 981) 0.983} 0. 984! 0. 983) 0.985] 0.985) 0. 984} 0. 985} 0.985) 0.985) 0. 985 
. 990} .990] .991] .991! .991] .992} .991) .992] .992) .992] .993) .993] .993]) .993 
1. OOO} 1. 000) 1 1. 000; 1. 000} 1.000) 1.000! 1.000) 1. 000 | 1 . 000} 1. 000) 1. 000 
1.010) 1.010} 1 1. 009} 1.009) 1.008} 1.009] 1.008) 1. 008 1 . 007} 1. 008) 1. 007 
] 021) 1.020) 1 1.019} 1.017} 1.017] 1.018} 1.016} 1.015 1 . 015 1.016) 1.013 
l 031] 1. 030) 1. 1. 029) 1.026) 1.025 i 1. 023! 1.023} 1.025} 1.623] 1.022) 1.024! 1.020 
1! 042 1. 040) 1 1.039) 1.035) 1 1.031) 1.031 ] . 029) 1.031) 1.027 
| 1 1 1 l 1 ] . 037) 1.040; 1.034 
1 1 1 1 1 1. 048; 1. 041 


. 033} 1. C36 | 
of ae . 045) 1.044) 1.042) 1.045 . 
j------| 1.056; 1.059) 1. 053) 1.051) 065} . O47) 1.047) 1.050) 1.046) 1. 044) 
| | | | | } 


. 039) 1. 039 


sity at 210° F. 


TABLE 13.—Description of samples used by Zeitfuchs 


Specific grav- ale at 100 
Material | ity 60°/60° F. ) 
| (Zeitfuchs) | 





0.7991 | 
. 7886 | 


ral seal distillate__- 


r white distillate. 


.10 


- 144 
10, 000. 0 


arison curve for this material is the expansion curve of sample 1, a cracked gasoline (d=0.7 68) 
lla crude 


The results of Fortsch and Wilson are compared with data from the 
esent yin in Figure 15. These observers give both the specific 
avities and the viscosities of their samples, which are described in 
ble 14. Each comparison curve in Figure 15 is for an oil of the 
me viscosity and specific gravity as the corresponding sample of 
rtsch and Wilson. For some of the oils the agreement is very good, 
hile for others it is poor. The dif ference between the observed 





nd Eng. Chem., 16, p. 905; 1924. 
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points and the curves amounts in some cases to as n 

of the value of V,/Va. As no experimental details ar 

possible to say whether the differences are due to experiments! 

or to the fact that the method of correlation used in this pa) 

not be applicable to all classes of oils. _ 
Measurements of the compressibiliti 


4 
4 
1 
4 


ules § 
mineral oils have been made by Hyde”. 


en pen pe ea ee my 


f 
| ! 


220 


Figure 15.—Comparison of data of present work with those of Fortscl 


vv 780n 


was from 0 to about1,500 kg/em*?. Values of compressibility! 
0 and 50 kg/em? were obt ‘d from his data by means of va 
mean compressibility, and deviation curves similar to those of 
7 Th 3a yoaluec ara enmnared j To} | » 15 yt} xsralie ] 
4. nes¢ veives are Con pare i in 1 Avie 2 with values ae 
from the correlation given in this paper. It is seen that 
values for the oils are all lower than those deduced from the pres! 
work, although his value for water is slightly higher. The maxi 
difierence is 1.0X10~° per kg/cm’, corresponding to 0.05 per ce 
c 4 r ime af th 1 BO k . 2 
oi the volume of the oil at 50 kg/em?. 


Report of the Lubricants and Lubrication Inquiry nittee, Dept. of Sci. and In. Re 


Britian (1926), See also Proc. Koy, Soc., 497, p. 240; 190.2 
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TapLE 14.—Description of samples used by Fortsch and Wilson 





aterial 


Kerosene - - 
Mineral se il kei 
me i-( onsinen t crude... 
sed distill: 
Li ST ean 


I en 
ivy motor Oi 


le 
ivity mis Continent residuum 


Comparison of Hyde’s values of compres 


Specific 
gravity, 
60°/60° F. 


0. 8234 
. 848 
. 849 
. 876 
. 8837 


. 8604 
. 892 
. 918 
. 8985 
. 909 


1. 050 
. 943 
914 
- 916 
.970 


ssibility at 4 


deduced from the present work 


Specific 
Material gravity, 
60°/60° F. 


0. 893 
. 910 
914 








. 907 | 


Vi. CONCLUSION 


is been shown that the data on thermal 


tituents have a wide range of volatilities, it is not 





°C, 


cgs units 
0. 0184 
. 056 
. 059 


5 (at 210° 


xy it 210° 


with values 


Present 
work 


expansion and compress- 
lity of four gas oils and six lubricating oils can be correlated with 

eciiic gravity and viscosity. These oils were obtained from crudes 
rom a number of different sources, and appear to be fairly 1 representa- 
mive of these two classes of oils. Itseems reasonably safe to conclude 
iat the correlation is applicable to all mineral oils of these classes: 

, to oils whose constityents have a relatively narrow range a 

ilities. As no data were obtained on crudes or other oils whose 


Whether or not the correlation is applicable to such oils. 
5 +0 Col with thanks the advice 
Band ass ar . 

Bid assistance of C. S. Cragoe and H. C. Dickinson, under whose 


T . 
in conclusion, the author acknowledges 


Supervision this work was done. 


possible to say 
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VII. APPENDIX. TABLES OF RELATIVE VOLUMES OF oy 


I. Centigrade table for oils of moderate viscosity 


Kinematic viscosity at 100° F., egs unit 


0.020 


Saybolt universal viscosity at 100° F 


34 seconds 


Specific gravity, 60° 
perature °C, 


0.85 


s 


CAS ae 


35.0 


Pressure, kg/cm? 


0. 996 


. 005 
.014 
023 | 
. 032 
O41 | 


050 | 
. 059 | 
. 068 | 
078 | 
. O89 


. 109 | 
. 131 | 
. 154 | 


205 | 
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I. Centigrade table for oils of moderate viscosity—Continued 


Kinematic viscosity at 100° F. 


say bolt universal viscosity at 1 


36 seconds 


Specific gravity, 60°/60° F. 


Temperature °C. 











‘non wnwdea Tn - vi f P peor »h 
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iets , a a ee Oe ee ay 
Centigrade table for oils of moderate viscosity—Continu 


> viscosity at 
0.050 


bolt univers 


Temperature °C 
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I. Centigrade table for oils of moderate viscosiiy— 


Kinem 


Temperature 
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G 


Centigrade table for oils of moderate viscosity—Continued 





Kinematic viscosity at 100° F., egs units 


0.200 


Saybolt universal viscosity at 100° F, 
98 seconds 


Specific gravity, 60°/60° F. 
Temperature °C, 


0.90 


ys ae 
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I. Centigrade table for oils of moderate viscosity—Continued 


a= —— 
Kinematic viscosity at 100° F., egs units 





0.500 


Saybolt universal viscosity at 100° F. 


229 seconds 


Temperature °C, Specific gravity, 60°/60°F. 


0,90 


0. 997 


. 005 
. 012 
. 019 
. 027 


. 034 


1. 042 
. 049 
. 057 
. 065 
. 073 


. 089 
. 106 
. 124 
. 142 
. 161 





. 180 
. 201 
. 223 
. 245 


. 269 





(1. 29) | 

. 32) | 

. 35) 
| . 38) | 
41) 
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viscosity—Continue 


r eo 7 ° - Pee vs 
ade table for oils of moderate 


Kinematic viscosity at 100° F., egs unit 


1.000 


éaybolt universal viscosity at 100° } 


445 seconds 


Specific gravity, 60°/60° F, 
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|. Centigrade table for oils of moderate viscosity—Continued 





Kinematic viscosity at 100° F., cgs units 





2.000 





Saybolt universal viscosity at 100° F. 





910 seconds 





Specific gravity, 60°/60° F. 
Temperature ° C. ee 








n 


| 0.90 





TAL ss 








Pressure, kg/cm? 
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- Centigrade table for oils of moderate viscosity—Continued 





Kinematic viscosity at 100° F., cgs units 





5.000 





Saybolt universal viscosity at 100° F 


2,270 seconds 


Specific gravity, 60°/c0° F. 
Temperature °C, 


0.90 


2 oy & 
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Il. Centigrade table for oils of high viscosity 


Kinematic viscosity at 210° F., cgs units 


0.042 
Saybolt universal viscosity at 210° F. 
40 seconds 


. 


Specific gravity, 60°/60° F. 





Temperature °C, 
0. 95 





Pressure, kg/cm? 
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II. Centigrade table for oils of high viscosity—Continued 


Kinematic viscosity at 210° F., egs yni: 


Saybolt universal viscosity at 210° } 
60 seconds 
Specific gravity, 60°/60 
Temperature °C, : a aa 


| 0.95 
| 


17.5 


Pressure, kg/cm? 


. 000 


. 007 
.014 
. 021 | 
. 028 
. 035 | 


. 042 | 
. 049 
. 057 
. 064 
. 071 


. 087 
. 103 | 
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II. Centigrade table for oils of high viscosity—Continued 


| Kinematic viscosity at 210° F., egs units 
reer eee anes 
0.200 
Saybolt universal viscosity at 210° F. 





100 seconds 


Specific gravity, 60°/60° F. 





Temperature ° C, 

















.000} 0.898 | . 000 | . 998 | 1. 000 | 
| 
. 007 | 1. 004 : . 00: 1. 006 | 
. 014 | 1. O11 | ; . 01 1.013 | 
. 021 1. 018 | ; . 01 1. 020 | 
. 028 | 1. 024 Ri 1. 02 1. 026 
.035 | 1. 081 . 0: . 031 1. 033 | 


. 042 1. 038 L. 1. 040 | 
. 049 | 1. 045 : | 1. 046 
. 057 | 1. 052 . 055 1. 053 | 

064 1. 060 . 062 | . 05: 1. 060 | 
. 072 | 1. 067 . 069 | 1. 067 


. O87 | 


. 104 
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II. Centigrade table for oils of high viscosity—Continued 





| Kinematic viscosity 210° F., cgs units 
| 
| 





0.440 





Saybolt universal viscosity at 210° F. 





200 seconds 





| 
| 





Temperature °C, 











Pressure, kg/cm? 


0 50 





| 


i <—s— 


ce t> 8S FS BS 
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Il. Centigrade table for oils of high viscostty—Continued 





Kinematic viscosity at 210° F., cgs units 





1.100 





Saybolt universal viscosity at 210° F. 





500 seconds 





Specific gravity, 60°/60° F. 





Temperature * C. . 











Pressure, kg/cm? 


0 
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III. Fahrenheit table for oils of moderate viscosity 





——.._| 
Kinematic viscosity at 100° F., egs units 


0.020 


Saybolt universal viscosity at 100° F 


34 secouds 


Specific gravity 60°/60°F. 
Temperature ° F. a 
0.85 


"Ay Pads 


35.0 


) 


Pressure, lbs./in.? 





0. 981 0. 978 0. 981 
. 990 . 987 . 990 
. 000 . 996 . 000 
. 010 . 006 . 010 
. 020 . 016 .019 


| 





. 030 . 026 | 1.029 | 
. O41 . 036 1.040 | 
. 052 . 046 . 050 | 
. 063 . 056 061 | 
. 074 . 067 072 | 


. 086 .079 . 083 
. 090 .095 | 
. 101 - 106 | 
113 .119 
. 126 -131 


. 159 . 165 
. 195 . 203 
. 235 245 
, 279 
, 328 





. 39) 
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Ill. Fahrenheit table for oils of moderate viscosity—Continued 


Temperature ° F. 


Kinematic viscosity at 100° F., cgs units 





0.028 
Saybolt universal viscosity at 100° F. 
36 seconds 


Pressure, 


700 








0. 977 
. 987 
. 996 
. 005 
. O15 


. 025 | 
. 034 | 
. 044 
. 055 
. 065 


. 076 
. 087 
. 098 
.110 


122 





. 154 
. 188 
. 226 
. 268 
. 316 








. 37) 
- 43) 
. 50) 
. 58) 
. 66) 
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III. Fahrenheit table for oils of moderate viscosity—Continued 





Kinematic viscosity at 100° F., cgs units 


0.050 





Saybolt Universal viscosity at 100° F 





42 seconds 





Temperature ° F. 





Pressure, lbs./in.? 








0 700 


0. 982 | 0. 979 
. 991 | 3 
1. 000 | 
1. 009 | 


| 





BE 
. 018 a 
. 028 
. 037 
. 047 
. 057 
. 067 
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Ill. Fahrenheit table for oils of moderate viscosity— Continued 





Kinematic viscosity at 100° F., cgs units 





0. 100 





Saybolt universal viscosity at 100° F. 





60 seconds 





Specific gravity, 60°/60° F. 





Temperature ° F. 


0. 90 





./in.? 


700 











0. 980 | 
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III. Fahrenheit table for oils of moderate viscosity—Continued 


Kinematic viscosity et 100° F., eg 


0. 200 
Saybolt universal viscosity < 


98 seconds 


Specific gravity, 60°/60° F. 
Tempereture ° F. 


0. 90 | 


} 


. 983 
. 992 | 
. 000 
. 008 
.017 | 
. 025 | 
034 | 
043 | 
. 052 | 


. 061 





. 070 

. 079 
OSS 

. 098 | 

. 108 


. 135 
. 163 
. 193 
226 | 


. 262 


(1. 30) 
(1. 34) 
(1. 39) 
(1. 44) 
(1. 50) 
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III. Fahrenheit table for oils of moderate viscosity—Continued 





Kinematic viscosity at 100° F., egs units 





0.500 


Saybolt universal viscosity at 100° F. 


229 seconds 





Specific gravity, 60°/60° F. 


Temperature °F. 


0.90 





Pressure, lbs./in.? 


700 





. 984 . 98 . 984 0. 982 
. 992 . DBS . 992 . 990 
. 000 . 997 000 | . 997 
. 008 : . 008 005 
017 | . 01: 016 . 013 


. 025 . 02 . 024 . 021 
. 034 . 0 . 033 . 029 
. 042 . 038 . 041 . 037 
. 051 . 047 . 050 . 045 
. 060 . 055 . 059 . 054 


. 069 : . 068 . 063 
. 079 . 07% . 077 . 071 
. 088 . 082 . 086 . 080 
. 098 . 092 . 096 . 089 
. 108 ‘ . 105 . 099 


. 134 .12 . 130 . 122 
- 161 . 152 . 156 . 147 
. 191 178 . 185 . 174 | 
. 223 . 208 . 215 
. 257 . 24 . 248 





. 30) 2 (1. 28) 
. 34) be (1. 32) 
. 38) + (1. 37) 
. 43) ae (1.41) | 
. 48) (1.43) | (1. 46) | 
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Fahrenheit table for oils of moderate viscosity—Continued 


1.000 
Saybolt universal viscosity at 100° } 


445 seconds 





Specific gravity, 60°/60° F. 
Temperature ° F. 
0.90 





ws he Ae 


x7 
25.7 











0. 982 
. 990 
. 998 
. 005 
. 013 


021 | 
. 030 
. 038 
. 046 
. 054 


. 063 
. 072 
. 081 
. 090 
. 099 


123 
. 148 
175 
. 203 
. 232 


. 26) 
. 30) 
. 33) 
. 37) 
41) 
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Ill. Fahrenheit table for oils of moderate viscosity—Continued 





Kinematic vicosity at 100° F., egs units 


|—————___"- _ - . ——— 


2.000 


Saybolt universal viscosity at 100° F. 


910 seconds 


Specific gravity, 60°/60° F. 








Temperature °F. — OS rk 
0.90 
































Bureau of Standards Journal of Research 


Ill. Fahrenheit table for oils of moderate viscostty—Continued 





Temperature ° F. 


Kinematic viscosity at 100° F., egs units 





5.000 





Saybolt universal viscosity at 100 


2270 seconds 


Specific gravity, €0°/60° F. 














Pressure, ]bs./in.? 


700 





0. 983 | 
. 990 
. 998 
. 005 
. 013 


. 020 
. 028 
. 036 
. 044 
. 051 


. 059 
. 067 
. 075 
. 084 
. 692 





. 114 
. 137 


. 162 
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IV. Fahrenheit table for oils of high viscosity 


Kinematic viscosity at 210° F., egs units 


Saybolt univers 


Temperature °F, 
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IV. Fahrenheit table for oils of high viscosity—Continued 





eae 
160_- 


180 
200 


220. 


240 


280. 
300. 


350... 
400___- 
450_- 


500 


550_- 


600. 
650. 


700 


750_- 
sip. 





260. - 


Kinematic viscosity at 210° F., egs units 


0.100 





Saybolt universal viscosity at 210° F. 


60 seconds 


Specific gravity, 60°/60° F. 


Temperature ° F, 


Pressure, lbs./in.? 





700 


0. 983 | 
- 990 
. 997 
. 005 
- 012 


. 020 
. 028 
. 036 
. 043 
. 051 


. 059 
. 068 
. 076 
. 084 
. 093 


115 
. 138 
. 163 
. 189 
. 216 


. 24) 
. 27) 
. 31) 
. 34) 
. 37) 
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/. Fahrenheit table for oils of high viscosity—Continued 





Kinematic viscosity at 210° F., egs uuits 





-200 





Saybolt Universal viscosity at 210° F. 





100 seconds 


Specific gravity, 60°/60°F. 





Temperature ° F. 
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IV. Fahrenheit table for oils of high viscosity—Continued 





Kinematic viscosity at 210° F., egs units 


0.440 


Saybolt Universal viscosity at 210° F. 





200 seconds 


Specific gravity, 60°/60° F, 


Temperature ° F, 


Pressure, lbs./in.? 


| 

0. 986 } 0. 984 
. 993 3 : . 991 
. 000 | - " . 998 

1. 008 < : . 005 
. O15 01 7 . 012 


. 023 1, 02 , . 019 
. 030 | . . 026 
. BY | ; ‘ . 034 
. O47 | . ; . 041 
. 055 ; ’ . 049 | 





. 063 | : : . 056 | 
071 : : . 064 | 
. 079 | . : . 072 | 
. 088 . OR : . 080 
. 097 ; ’ | . 088 


.119 ; ‘ . 109 
. 143 F ek . 130 
. 168 18 ‘ . 152 
. 195 . 185 . 176 
. 223 ; . | . 200 





. 23) 
. 25) 
. 28) | 
. 31) 
. 34) 
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IV. Fahrenheit table for oils of high viscosity—Continued 





Kinematic viscosity at 210° F., cgs units 


1.100 


Saybolt universal viscosity at 210° F. 


500 seconds 


Specific gravity, 60°/60° F. 


Temperature ° F. | | 


709 


0. 983 : 0. 985 
. 990 : | . 991 
. 998 : | . 998 
. 005 i . 005 
.012 . | . 012 


1. 019 : | 019 
. 027 5 . 026 
1. 034 : . 033 
. 042 ‘ . 040 
. 049 . . 047 





. 057 ; 1.055 
. 065 | . . 062 
073 | ’ 070 
. O81 . | O77 
. 089 ; . O85 


. 109 | . 105 
. 126 | 
.147 
.170 
. 194 
. 22) 
24) 


27) 


WASHINGTON, July 19, 1930. 
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INTERFERENCE MEASUREMENTS IN THE FIRST 
SPECTRA OF KRYPTON AND XENON 


By C. J. Humphreys 


ABSTRACT 


, wave lengths of the stronger are lines of krypton and xenon have been 
iotermined by the use of Febry-Perot étalon interferometers. Etalons of 
35, and 40 mm length were used in obtaining the data. Discharge tubes 

rated so as to emit only the spectrum of the neutral atom of the gas under 

vestigation supplied the radiation. Part of the xenon lines were observed 
s impurity lines in the radiation from krypton-filled tubes as well as in tubes 
ining pure xenon only. The secondary standards of neon photographed 
tan ously with the Kr or Xe spectrum furnished the comparison. The 
Palues of neon wave lengths used were those given by Burns. 

Interfe erometer measurements of a sufficient number of krypton lines have 
been made to permit fixing the relative values of all the 1s, 2p, and 3p terms toa 
ig} deg gree of precision. The accuracy of the term values is such that the aver- 

ation of calculated term combinations from the observed wave numbers 

or in 20,000,000. The corresponding set of terms in the xenon spectrum, 

xcept 2p, were determined also with increased precision from interference 
easurements. In addition to these, four of the 4p terms have been recalculated. 
early three-fourths of the combinations permitted by the selection rule have 

observed. The exact location of the combinations in the infra-red region 

t photographically accessible can now be predicted with certainty. Such 
nes should prove useful wave-length standards for the infra-red region. 

With the resolving power employed none of the krypton lines showed hyperfine 
ucture. It is apparent from the extremely small variations of the ‘constant 
i ferences” that the intensities of any unobserved satellites are too low to affect 
he wave lengths. Five of the xenon lines showed satellites. Further work is 
ontemplated in the examination of the lines of both spectra for hyperfine 

tructure. 
The results here presented are compared with earlier interferometer measure- 
nents. The close agreement of our results with those of other observers as well 
small differences between our separate observations indicate that the 
lengths of the radiation emitted by krypton or xenon are reproducible 
ithin the limits set by the probable error of the observations. For the intense 
reen and yellow lines of krypton, for which Perard, at the International Bureau 
wave lengths 5,570.2892 and 5,870.9154 A, we obtain 5,570.2890 and 


CONTENTS 


Det te nee i th oe wave lengths and term values___-__- 
1. Reduction of data 
2. Experimental results and discussion 
3. Comparison with the work of other observers 


I. INTRODUCTION 


| The work here reported represents another step in a complete 
ner ion of the spectra of krypton and xenon which has been 
budertaken in this laboratory. An historical account of earlier work 


n these g gases, a discussion of the reasons for the present investiga- 
mon, and a pr eliminary description, together with an interpretation of 


1041 
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the first spectra of krypton and xenon, are contained in two eal : 
papers by Meggers, deBruin, and Humphreys. ' The wave lengt 
of the stronger arc lines have now been redetermined by comparison 
with the secon dary standards of neon, using the method of Po) .. 
Perot étalon interferometers.” The new wave-length data have led ig 
increased precision in the relative values of the lowest tertns and ty 
an accurate predict ion of the location of infra-red lines inaccesgj))jp 4, 
photogra iphy. The investigation of certain lines as possible substi. 
tutes for the Cd primary standard will require an examination of thes 
lines for hyperfine structure by aid of an interferometer of high 
resolving power than has been used in the work to date. Such a 
investigation i is to be undertaken in the near future. 


II. EXPERIMENTAL PROCEDURE 


The sources of radiation were glass tubes of the same type used iy 
the earlier work on Kr and Xe.’ The krypton tubes contained a smal 
amount of xenon as an impurity, and in new tubes the stronger xenoy 
lines appeared together with the krypton spectrum. The xenon wave 
lengths were determined from spectrograms obtained with ron COn- 
taining pure xenon and fro ym ‘Xe impurity lines measured in the 
krypton spectrograms. A similar tube filled with neon furnishec t) 
comparison spectrum; the values of the wave lengths were those ob- 
tained by Burns, Meggers, and Merrill * from comparison with th 
primery standard. The choice of neon instead of cadmium ws 
prompted by ease of yr the accuracy with which its wave lengi) 
have been determined, the intensity of the radiation, the sharpness «! 
the interference patterns, and the fact that there are several lines! 
the vicini ty of the primary standard. In general, the optical distance 
between the interfe ‘romet er plates can be determined more accurately 
from several lines than from a sing!e one, and if the Ne lines are cho 
so that the average wave lengih is nearly the same as that o! 
primary standard, the wave lengths to be measured, as well as th 
corrections due to dispersion of phase and to atmospheric conditiois 
are all referred to the same point in the spectrum as if the primary 
standard had been used. The use of such a group of lines 1s esset- 
tially equivalent to the use of the primary standerd itself; it ha 
sanction of the International Astronomical Union. Six o1 
a3 


lines chosen for comparison were selected from among the fi low ng 
493) 


Rwoemwos oo: 


the choice usually i nding on the observed intensities: 6,266 
6,304.7893, 6,334.4280, 6, 382.9 913, 6,402.2455, 6,506. 5278, ) ,5d2.882i, 
6,598.9528, and 6.678.2760 A. 

The Ne comparison source was always photographed simulian 
ously with the radiation from the Kr or Xe gas. This served | 
eliminate systematic errors which might arise from a displacem 
of any portion of the apparatus due to thermal effects or mechani! 
disturbances. The light from the comparison source was thr 
into the path of the direct beam by aid of a piece of clear r plate ass 


set at as angle of 45° in the line joining spectrograph | and sourte, 


4 


——— 





1 Meggers, deBruin, Humphreys, B. S. Jour. Research, 3, pp. 129 and 731; 1929. 

2? Fabry and Buisson, J. de Phys., 7, p. 169; 1908; also Astrophys. J., 28, p. 169; 1908 

3 Meggers, deBruin, Humphreys, B. 8. Jour. Re ch, 3, pp. 129 and 731; 1929 

4 Burns, Meggers, and Merrill, B. S. Sci. Papers (8329), 14, p. 765; 1918 Burns, J. Opt. 
P. 301; 1925. 

§ Trans. 1. A. U., 2, p. 40; 1925, 
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normitting the direct beam to be transmitted with little loss. Be- 
f the high intensity of the neon red lines the an 1ount of radia- 

‘on reflected was sufficient to produce a strong comparison spectrum. 
The tubes have been operated with a “G. E. sign transformer,’ 
by connecting the Ne and Kr or Xe tubes in series to the secondary. 
a transformer is ae to give 12,000 volts and draws a maximum 
primary current of 2.7 amp at 110 volts. To avoid overheating 
‘he tubes the primary current was reduced to about 1.6 amp by 
iniro pap resistance into the primary circuit. 

Tl spectrograph employed was a Hilger E2, fitted with glass 
tinal al parts in order that the dispersion in the red and infra-red 
egion might be sufficient to separate the numerous lines occurring 
in this part of the spectrum. 

The interferometer pla tes were of glass, 40 mm in diameter, but 
ith the aperture restricted to 28 mm by the centra opening in 

nevi lod oi 
cathodic deposition. When the silvered surfaces were held so as to 

‘orm a thin wedge, 12 images of a 40-watt as np could be seen roach 
them. Reflecting power was deliberately s: verificed for trans :parency 

hat the effective wave lengths of as me ny lines as possible could 

ime with reasonable exposures. The 1 resolving power was 
uflicient to detect hyperfine structure in the krypton lines, 

but it clearly indicated such structure for certain xenon lines, viz, 

4,500, 4, 734, 8,231, 8,409, and 8,819 A. Invar separators of 2, 3, 15, 
25, and 40 mm length were employed. The reasons for the use of 
several étalons will be discussed in connection with the evaluation 
and correction of wave lengths. 

The mountings for the étalons were of the same design es those 
originally employ ed by Fabry and Perot, and illustrated by a cut in 
one of their early publications.’ Light from the source fell upon 
the nterf re omet er plates after being converted into a par rallel bea 2m 
iy a short- -focus lens. The ring system was projected upon the 
spectograph slit by m ens of an achromatic lens. A quartz- fuorite 
le us of about 25 cm focal length wes used in connection with the 
smaller separators and a class achromatic lens, taken from a large 
lilger interferometer, of 50 cm focal length with the larger separators. 
The use of e% projector of greater focal length is required with the 
longer étalons because of the relativ ely smaller angular diameters of 
the rings in ‘the interference pattern with incre: asing erders of inter- 

rence (ret ardations). The source, lenses, and interferemeter were 
all accurately lined up in coincidence with the optic axis of the spec- 
iro: raph. 


.] 
: ’ : : a Ai: See a EL 
the separators. ‘The plates were lightly we hi by the m 
h 
8] 


a 
‘ 
ey 


were sensitized with a mixed dye bath, containing pina- 

~ dievenin, rubrocyanin, aud neocyanin. This 

dure Was nee S8ary in order to cover the entire range of wave 
is, inchiding the region occup ied by neon, in single exposures. 


" 


ne exposure times ranged from 5 minutes to 38 hours. One exposure 
(12 hours, taken for the pur ‘pose of recording the interference pattern 


ol the Xe line at 9,799.65 A, failed to show the line with intensity 
sullicient for measurement, although a trace could be seen. An 
hourly record of the temperature in the vicinity of the interferometer 
Was kept. The variation over the entire exposure period was usually 
‘tom 0.1° to 0.2° C. In only one exposure did it amount to 0.6° C. 


‘ory and Perot, Astrophys, J., 15, p. 73; 1902. 
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III. DETERMINATION OF WAVE LENGTHS AND TEpRy 
VALUES 


1. REDUCTION OF DATA 


The theory of the Fabry-Perot interferometer, and the metho 
used in the reduction of observations have been treated very fully by 
Fabry and Buisson,’ and many other observers. We shall contin 
ourselves to a brief dev elopment of the essential formulas and di. 
cussion of their application, referring the reader to the original p Daper 
for a more detailed account. 

The retardation suffered by a beam of light, which has been reflectaj 
twice at the parallel surfaces of an air film of thickness €, is givey 

9 
by P= —— where 7 is the angle of incidence and J the wave len}, 
The retardation will be increased by the same amount for each sy. 
cessive pair of reflections. The value of 7 equal to zero or norm 
incidence corresponds to the center of a system of circular frings 
since points in the field of view corresponding to equal values of : jj 
upon a circle. The order or retardation at the center, designated by 


2e ae 
p becomes, therefore, a The angle of incidence may be « 


a ° e e > J 
pressed by 5 where a is the angular diameter of a ring. It is equ 


to the angle subtended at the optical center of the projecting lens by 
the diameter of the ring which is imaged upon the slit of the s pectn 
graph, and may be expressed as the “product of the Fe ly of the 
corresponding ring on the photographic negative and a magnificatia 
. ° . a a 
factor. By substitution we obtain for any order P=p cos; Sine 
ais a small angle, the order at the center may be expressed to a suf 
. . : : a” . 
ciently close approximation by p=P+P 3" The retardation ? 


corresponding to a bright ring must be a whole number. For eati 

successive ring proceeding outward the value of P is diminished by! 

The order, p, ‘at the center is equal to the sum of the integral orde 
2 


P,, of the first ring and a fraction Pig? which we shall call «. 


The length of the étalon is a constant. Consequently, if a standar 
wave length is known, and if one can determine the retardation expe 
mentally for any radiation, one can compare the standard wave lengi 
with any other. This follows at once from the equation 


2e=Ap=D'p’ 


The problem of comparison of wave lengths is reduced, therefore, ' 
the determination of the exact order of interference at the cetlt 
of the ring system corresponding to each radiation. 

The fractional part of the retardation may be computed from! 
diameters of two or more successive rings, by a method desenbtt 
by Childs. The form in which it is given here is due to Burs 
Kiess.° om indicated above, the order at the center of the t n 








? Fabry “nm Buisson, Aiteiliheny: J., 28, p. 169; 1908. 
§ Childs, J. Sci. Inst., 3, pp. 97 and 129; 1926. 
* Burns da Kiess, Pub, Allegheny Obs,, 6, p, 125; 1927, 
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«stem is given in terms of the angular diameter of a ring as p=P,, + 


_“. Jn terms of ring diameters this may be written p=P, + F- 


i . . . 

2 Since the whole orders of successive rings differ by unity the 
etardation may be expressed in terms of the order of any ring and the 
iifference in retardation between the first ring and the center of the 


ystem ; 


p=P,+e=P,+1+e=P3t+2+e= ¢oeeewe 


onsequently 


e= FD; 
1+e=FD? 
2+e=FD;’, etc. 
fe have finally: 


Pees. ROR: 
‘“D2—D? D?—D? 


D;? 


l / D? 5 xe D? 


2=.. 


A check on the accuracy of the measurements is given by the fact 
nat the differences of squares of successive ring diameters are con- 
ant for a given wave length and change progressively with wave- 
ength. Whenever possible we have measured at least four ring 
iameters, thus obtaining three values of « of which the average was 
ken. This is the first step in the reduction. 

The next step is the determination of 2e for the étalon used. The 
ethod described by Meggers’® which has already been mentioned, 
aking use of several Ne lines was employed. The method presup- 
oses a knowledge of the approximate étalon length and very accurate 
alues of the standard wave lengths. When the correct whole order 
has been found for any one line, 2e is determined closely enough so 
iat there is satisfactory agreement between the observed and com- 
uted fractional orders for each of the standard lines. The value of 
panes was the mean of the products, Xp, for the set of standards 
aSEC. 

The evaluation of the Kr or Xe wave lengths followed in two steps. 
he quotient of 2e divided by the approximate wave length indicated 
ie integral part of the retardation. This was then combined with 
he correctly determined fractional part and divided into 2e, yielding 
e more precise wave length. The corrections made necessary by 
ariation of the index of refraction of the air from the value at 15° 
.and 760 mm pressure were calculated and applied to the individual 
ets of measurements, using the results of the investigation by Meggers 
id Peters." The corrections for dispersion of phase due to apparent 
nequal penetration of the reflecting films by different waves were 
tlculated from preliminary values of wave lengths obtained from 
nick and thin étalons as illustrated by Meggers.!2 The measurements 
btained from small étalons, 2 and 3 mm were used for this purpose 
nd to give preliminary values of the wave lengths. Since any given 





a Megye ts, B. S. Sci. Papers (S251), 12, p. 203; 1915. 
yy ceers and Peters, B. 8. Sci. Papers (S327), 14, p, 697; 1918. 
“eggers, B.S, Sci Papers (S251), 12, p, 199; 1915, 
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wave length is not, in general, known with sufficient precision to give 
the integral order of interference without ambigui ity in the case , 
large retardations arising from long étalons, it is advisable to eal 
with a series of étalons of increasing lengths. Thes se lengths should 
not form integral ratios. With such a series of observations any error 
due to wrong whole order is immediately obvious. The precision 
attainable is roughly proportional to the retardation and cain e to the 
étalon thickness, the accuracy of ring meas urements being about the 
same in all ce: ases. It is the common experience of w orkers i in this 
field that results obtained from small orders of interference show rallel 
poor agreement. Since we hav e found this to be the case in the present 
investigation, the corrected values obtained from the 15, 25, and 49 
mm. étalons only have been assembled to compuie the final set of way 
lengths. The krypton wave lengths were calculated from measur. 
ments of 13 spectrograms, which were obtained from krypton file 
tubes containing sufficient xenon as an impurity to give most o! 
spectrum also. Six spectrograms were measured which were obtained 
with tubes giving a pure xenon spectrum. The wave lengths aes 
have thus been assembled from the results of 19 individual obser 
tions. On account of considerable range in intensity, the weak: ines 
appearing only with long exposures, and the strong lines bei Ing in some 
cases too heavily overexposed for measurement, not all lines wer 
observed on all plates. 

Estimates of intensity and sharpness of the interference pattem 
were recorded and these, together with the order of interference, wer 
taken into account in weighting individual values to give the fine! 
result. The method of determining the final set of wave lengths 


was first to compute a weighted mean of the values given for one 
étalon and apply the phase corrections to these values, after wh ich a 
mean of means was obtained for the results from the three different 
étalons weighted according to the order of interference. The wave 
lengths were reduced to the values of vacuum by the Cauchy dis 
persion formula as given in the paper by Meggers and Peters." 


2. EXPERIMENTAL RESULTS AND DISCUSSION 


The final values of the wave lengths, together with wave number 
and term combinations are given in Tables 1 and 2. In the case 0 
Xe lines showing hyperfine structure only the wave length of the 
main component is given here, since these appear in every case {0 
give the same level separations as the simple lines. The tables «i 
Kr and Xe lines form systems of spectroscopic standards comparetl 
in accuracy of relative values to those determined earlier for \¢ 
and A. ; 

The new wave-length data have permitted the redetermination 
the 1s, 2p, and 3p terms in the case of kryptcn. Table 3 shovi 
these terms and their combinations arranged in a supermultiple 
The value of the 1s; term is that previously found from series calcu! 
tions. Differences between calculated and observed term values 
indicated where interferometer measurements are available. G sig 
measureme nts followed by calculated values in parentheses are ¢! 
for lines observed with the grating only. C alculated valu 
unobserved but permitted combina ation ns are also given in Pe rrentheses 





13 Meggers and Peal B. S. Sci. Papers (S327), 14, p. 627; 1918. 
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Of the 60 permitted combinations, 35 are obtained from interfer- 
ometer measurements, 15 are observed by the grating only, and 10 are 
unobserved, 7 of which lie in the infra-red region inaccessible to 
photography. ‘The xenon terms and combinations are assembled in a 
similar manner in Table 4, giving 1s; the value obtained from series. 
We have sufficient interferometer data to redetermine the ls, 2p, 
and 3p terms, except 2749 which involves the line 9,799.65 A. It will 
be recalled that there are only six 3p terms. In addition, we have 
data permitting the recalculation of four of the 4p terms. Of the 
57 permitted combinations between these terms, 32 are obtained 
from interferometer measurements, 14 are observed with the grating 
only, and 11 are unobserved, 8 of which lie in the region beyond 
0,200 A. 
TABLE 1.—<KArypton I, interference measurements 


! { 
r, air } A, vac. v em-! Combination | 


sO 


928. 6934 | 8, 631. 14: 1, 196. 7764 
776. 7498 | 8, 779. 157: . 390, 6150 
508. 8725 8, 511. 2085 11, 749, 2128 
298. 1091 3, 300. 3869 2, 047. 6312 


Ag7p 


263. 2412 , 260. 5096 | 12, 098. 467¢ 


D oR? Be Re 


190. 0570 8, 192. 3056 
112, 9023 8, 115. 1300 
4.3660 | $ 5. 5914 
5053 | 8, O61. 7186 
928. 602 i, 930. 730 


co 


SIX go 


5, 617 
56. 981 
. 960 


3. 443 
54, 823 
746. 831 

. 5401 


m OAT 
~ wale 


7 
7 
‘ 
fy 
‘ 


Pe Pi eS i | 


7.3593 


3. 6269 
. 4992 

8. 908 13, 353 
. 267 3, 718. 


226. 097 3, 838. 72 


. 5465 
7. 4135 
. 850 
37. 262 

. 109 


AN a) osun 
NN SI NN 


56, 293 3, 458. 074 5, 484. 

21. 028 3,422,799 | 569. 536 
2.111 6, 013. 772 628. 
8500 | 5,995. 5063 679. 158: 
. 9153 5, $72. 5386 028. 


OD 


. 5627 3, . 1267 

71.8318 | » 947. 419 
563. 7658 7, 973. 4¢ 
3. 948 ers 


1. 569 21, 970. 


em Orr 


503. 6133 22, 204. 393 
| 22, 396. 7 
22, 445. & 


22, 591. 572 


99 G94. 4{ 


ee be te > 


. 8870 


. 4670 
4 R894 
3. 9187 


4? 
9. 4203 


we te ce pe 


6932 23, 246. 6602 
, 287.6894 | 23, 322. 5849 
4, 284.1695 | 3, 341. 7469 
4, 275.1691 | 23,390. 8&76 
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TABLE 2.—Xenon I, interference measurements 





| 


A. vac. 


vem! 


Combination 








7, 967. 341 
7, 887. 3898 


7, 642. 026 


7, 584. 680 
7, 393. 791 
7, 386. 002 
7, 285. 298 


7, 119. 598 


6, 882. 1543 
6, 827. 315 
6, 318. 062 
5, 028. 2785 


4, 923. 1522 
4, 916. 508 
4, 843. 294 
4, 829, 709 
4, 807. 019 


4, 792. 6192 
4, 734. 1524 
4, 697. 020 
4, 690. 9711 
4, 671. 226 


4, 624. 2757 
4, 611. 8896 
4, 582. 7474 
4, 524. 6805 
4, 500. 9772 


4, 385. 7693 








9, 165. 166 
9, 047. 926 
8, 954. 709 


8, 821. 831 
. 498 


. 114 
. 3893 
33. 8947 
969. 529 
39, 5565 


. 126 


22 


Ds 
on 


824 
. 033 


PAPA NM ANNNN 
S 8Ss 
= SB 


3, 952. 039 





10, 910. 877 
11, 052. 256 
11, 167. 309 


11, 335. 515 
11, 888. 489 


11, 977. 318 
12, 073. 811 
. 921 

79 
74, 984 


. 940 


. 849 

521. 143 
35. 401 

13, 722. 500 


14, 041. 872 


14, 526. 333 
14, 643. 014 
15, 823. 272 
19, 881. 994 


20, 306. 538 
20, 333. 
20, 641. 
20, 699. 
20, 797. 


20, 859. 
21, 117. 
21, 284. 
21, 311. 
21, 401. 


21, 618. 


21, 677. 08 





184-2p7 
185-2p9 
184-26] 
183-3p9 
185-2ps 
185~2p7 


182-2p3 
184-25 
185-2p6 
183-37 
182-2p; 


183-2p2 
3dy-5 V 
3d’4-5Z 
2pe-5d1”’ 
2p10-385 
2p7-4d2 


2p7-283 
2ps-5d’s 
2pe-5ds 
138;4 X 
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184-310 
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184-36 
184-37 
18s-3p5 
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185-39 
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18,-4 XY 
lss4Y 
1s;4Y 
1s5-4 U 
184-49 


184-4-p7 
184-46 
184-45 
185-48 
185-4)6 
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An idea of the relative accuracy of the wave lengths can be obtained 
t from the internal agreement shown by the terms. As indicated 
“Table ° the residuals, obtained by subtracting observed from 
m puted term values, average less than 1 part in 20,000,000 in the 
gse of krypton. Wave lengths have been carried out to four places 
t deci mals for all lines for which the probable error of the weighted 
sean does not exceed 0.0005 A. The wave lengths of xenon are 
onsidered slightly inferior to those of krypton, partly becaus 
eral of the lines showed hyperfine structure, and partly, libenetia 
spectrum was out of range for good observation at the extremes. 
he ultra-violet lines are relativ ely weak, being higher term combina- 
‘ons, and the last three measured lines in the infra-red are hard to 
htain without overexposing the rest of the plate. The remarkably 
lose agreement of the ‘‘constant differences’? between wave numbers 
both in the Kr and Xe spectra furnish additional examples of the 
precision With which the Ritz combination principle can be verified. 
ji is not likely that any other physical law can be checked more 
weg Another valuable res ult is the accurate prediction of 
x: » Jeng ths in the infra-red region. These should prove useful 
Sodas for use in connection with bolometric observations. 


3. COMPARISON OF THE WORK OF OTHER OBSERVERS 


Attention is called to a number of earlier investigations which 
hove been made with interferometers to determine the wave lengths 
pf some of the stronger lines of krypton and xenon. Fabry and 
Buisson “ first comps ared the bright green and yellow lines of krypton 
pith the primary Cd standard "(6,438.4696 A) and obtained wave 
engths 5,570.2908 and 5,870.9172 <A, respectively. Meggers 
letermined the wave lengths of 17 krypton lines (4,273.9696 to 
7,001.544 A) and 12 xenon lines (4,500. 978 to 4,923.152 A) also 
msing the ey standard for comparison. His values for the 
sont and yellow Kr lines were 5,570.2872 and 5,870.9137 A. A 
: rison of his values for kyrpton With those of the present investi- 
bation, for the purpose of detecting any systematic differences, 
Bndicates that the new values are 0.0008 A, higher on the aver: Ze, 
a! the measurements of the weak line at 6,456 A, for which no great 
pre ‘ision is claimed, is retained. Omission of this line reduces the 
muference to 0.0006 A. Only five of the wave lengths in Meggers’ 
Bist a re given to the fourth decimal place. It is apparent, therefore, 
a this difference of the order of 1 part in 10,000,000 is no greater 

in could be accounted for by the probable error of the observa- 
tions. The ¢ agreement of the xenon wave lengths is even better. 
phe wave lengths given in the present paper are 0.0003 A lower on 
the average if the measurements of the line at 4,829 A, for which 
there is a difference of 0.004 A between two sets of measurements, 
is retained. Omission of this line makes the average of the present 
measurements 0.0001 A higher than the earlier. This difference 
Amounts to 1 part in 50,000, 000, far less than the probable error 
claimed for the observations. ‘The tubes used by Meggers were 
gp per ated at very low pressures on account of the small quantity of 


radry and Bui ay omptes Rendus, 156, p. 945; 1913, 
eggers, B.S, . Papers (S414), 17, p. 193; 1921, 


15377°—30-——6 
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gas available. The results indicate the reproducibility of the yoy, 
lengths under different conditions, including a considerab] 
in pressure. 

The measurements of the green and yellow lines were repeated }y 
Perard,’® who obtained 5,570.2892 and 5,870.9154 A for their valyes 
using the Cd standard for comparison. These wave lengths gy 
nearly a mean of those given by Buisson and Fabry, and those give 
by Meggers. Our latest results for the same lines check those o 
Perard very closely, being 5,570.2890 and 5,870.9153. Weber” megs. 
ured three lines of Kr (5,649.5924, 5,870.9463, and 6,456.3241) rel. 
tive to Cd (6,438.5033 A in air at 20° C. 760 mm Hg and 10 m 
water vapor) and proposed the yellow-green line (5,649.5924 A.) as, 
primary standard to replace the red line of Cd. 

In a recent paper by McLennan and Quinlan” it is claimed thy 
xenon lines are unsuitable as standards on account of a pressure shit 
toward shorter wave lengths appearing as the tubes become aged, 
The results of four exposures are presented, all made with the sam 
tube and with one étalon of 5 mm length. For the first observation 
2 infra-red wave lengths are given; for the second, 1; for the third, §: 
and for the fourth, 12. The one line (8,231.635 A) which appears in 
all four exposures we have found to have at least three hyperfine 
structure components, which makes the unresolved pattern obtcined 
with small étalons difficult to measure accurately. As pointed out 
above, the measurements of wave lengths obtained with small étalon 
and consequent low orders of interference always show larger errors 
than similar results obtained with higher retardations. 

To disprove the so-called pressure effect announced by McLennan 
and Quinlan, Tables 5 and 6 are presented to show the manner in 
which our individual measurements agree. A selection from among 
the measured spectrograms has been made to compare successive 
exposures on the same plate, to present results obtained with different 
tubes, and different étalons and to ascertain if there was any effect 
due to aging of tubes. We consider first Table 5, containing Kr data. 
Observations numbered 5c and 5b were made with a 15 mm étalon 
on the same plate with the same tube. No time elapsed between the 
two exposures, save the few seconds required to rack down the plate 
This tube had been used in several earlier exposures and no record i 
its age was kept. The other spectrograms 10a, 10b, 12a, 125 wer 
made with a newer tube. It had been used five hours before making 
exposure 10a in addition to some running time while the apparatus 
was being adjusted. A short exposure of about an hour intervened 
between those numbered 10 and 12. The dates of the exposures are 
indicated. It is quite apparent that the variations between exposures 
on the same plate are of the same order as those obtained with di: 
ferent tubes or the same tube at a later date. We have no reason t0 
believe that the small variations which occur have any other explani- 
tion than the probable error of individual observations. 


© Tange 





16 Perard, Comptes Rendus, 176, p. 1060; 1923. 
17 Weber, Physik. Zeit., 29, p. 233; 1928. 
19 McLennan and Quinlan, Trans, Roy, Soc. Canada, 24, Sec. III, p. 1; 1930. 
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Spectra of Krypton and Xenon 


TaBLE 5.—Comparison of corrected krypton wave lengths 


| 
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5c 
15mm 


March 5 
3 hours 


28. 6952 
776. 7519 
, 508. 8767 
98, 1144 
, 263, 2414 


. 0562 
2. $081 
, 3651 
. 5061 
54. 8258 


. 8347 

, 694. 5456 
385. 2426 

. 5525 

7. 4145 


. 2592 
24, 1121 
21. 0270 

3. 8495 

. 9183 


. 5650 
. 2899 
. 2259 
. 2984 
. 6903 


. 9203 
. 1913 
. 7693 
. 3682 


. 9682 


. 1222 
52. 6442 
. 3612 


. 4882 
5. 4870 
2. 9680 

9700 





5b 
15mm 


March 5 
1 hour 


12a 
25 mm 


March 12 
2 hours 


126 
25 mm 


March 12 
24 min. 


40 mm 


March 10 
1 hour 


106 
40 mm 


March 10 
3 hours 











8, 928. 6941 
8, 776. 7479 
8, 508. 8717 
8, 298. 1114 
8, 263. 2404 


8, 190. 0552 
8, 112. 9051 
8, 104, 3611 
8, 059. 5051 
7, 854. 8209 


. 5406 
. 2516 
. 5475 
- 4055 


5, 870. 9143 


5, 570. 2889 
5, 562. 2259 
4, 550. 2975 
4, 463. 6874 


4, 453. 9184 
4, 425. 1904 
4, 418. 7684 
4, 410. 3693 
4, 399. 9672 


4, 376. 1192 
4, 362. 6422 
4, 351. 3602 


4, 300. 4872 
4, 286. 4861 
4, 282. 9671 
4, 273. 9711 
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5, 870. 9164 


5, 570. 2894 
5, 562. 2257 


4, 463. 6898 


4, 453. 9193 
4, 425. 1927 


4, 399. 9683 


4, 376. 1219 
4, 362. 6424 
4, 351. 3621 
4, 319. 5803 
4, 318. 5519 


4, 300. 4888 
4, 286. 4903 
4, 282. 9698 
4, 273. 9705 





8, 298. 1045 
8, 263. 2427 


8, 190. 0542 
8, 112. 9005 
8, 104. 3616 
7, 854. 8235 
7, 694. 5392 
7, 685. 2503 


7, 601. 5453 
7, 587. 4131 


5, 870. 9159 


5, 570. 2882 


4, 463. 6887 
4, 453. 9180 


4, 399. 9648 


4, 376. 1222 
4, 362. 6446 


4, 319. 5802 
4, 318. 5495 





} 


8, 928, 6919 
8, 776. 7456 
8, 508. 8705 
8, 298. 1082 
8, 263. 2393 


8, 190. 0580 
8, 112. 9014 
8, 104. 3640 
8, 059. 5030 
7, 854. 8227 


5, 870. 9149 


5, 570. 2892 
5, 562. 2238 


4, 463. 6875 


4, 453. 9176 
4, 425. 1883 


4, 362. 6409 
4, 351. 3584 


4, 300. 4868 
4, 286. 4858 
4, 282. 9669 
4, 273. 9681 





8, 928 
8, 776. 
8, 508. 


8, 190. 
8, 112. 


8, 104, 


8, 059. 
7, 854. 


7, 746. 
7, 694. 


7, 685. 
7, 587. 
7, 287. 
7, 224. 
6, 421. 
5, 870. 
5, 649. 


5, 570. 
5, 562. 


. 6941 


7532 


8719 


0580 
9019 
3709 
5056 
8244 
$295 
5384 
2517 
4169 
2626 
1076 
0285 
9144 
5616 
2877 
2255 
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TABLE 6.—Comparison of corrected xenon wave lengths 





106 


40 mm 15a 16a 


15 mm 25 mm 
March 10 
1 hour, 15 
minutes 


| 
| 
| 
| 


March 5 
3 hours 


May 2 May 21 


2 ies 2 hours 


82. 6512 9, 162. 6588 9, 162. 6495 9, 162. 6451 
5.4429 | 9,045. 4386 9, 045. 4442 9, 045. 4471 
2. 2533 | 8, 952. 2549 8, 952, 2529 » 952, 2496 
. 4106 | 8, 819. 4149 8, 819. 4165 i S155 
. 1904 8, 409.1906 | 8, 409. 1887 8, 409. 1858 


j. 8248 8, 346.8261 | 8, 346. 8223 8, 346. 8205 | 
8, RO. 1175 &, 280. 1156 , 280. 1160 
8, 231. 6340 8, 231.6375 | 8, 231. 6337 231. 6352 
7 7. 35 , 967. 3 





| 
. 0294 | 
4. 6785 


7, 119. 5¢ 
6, 882. 


5, 028. 2782 | 
4, 923. 1536 , 923. 1515 , 923. 1536 4, 923. 1510 4, 923. 1536 
4,916.5090 | 4,916. 5077 4, 916. 5091 4, 916. 5068 , 916. 5057 | 
4, 843. 2936 4,843.2941 | 4,843.2925 | 4,843, x 4, 843. 2027 
329. 7085 | 8, 829. 7081 , 829. 7095 , 829. 7064 | 
7. 0192 4, 807. 0205 4, 807. O18: 4, 807.0172 





4, 792. 6202 | , 792. 6178 | 92. 6194 | 
4, 734. 1523 4,734.1515 | 4, 734. 1506 | 
4, 697. 0208 | 397, 4, 697. 0194 
4, 690. 9702 , 690. § 4,690. 9711 | 
4, 671. 2257 , 671, 2245 571. 2232 | 
24. 2776 4, 624. 2733 , 624.2753 | 4,624. 2773 | 
511. S885 4, 611. 8898 4, 611. 8S93 11. 8908 | 
. 7474 4, 582. 74¢ 4, 582. 7472 4, 582. 7463 4, 582. 7469 
4. 6793 4, 524, 6815 a aoe 4, 524. 6794 4, 524. 6796 
0. 9751 , 500. 979% , 509. 9766 
385. 7692 | 325. 7685 , 385. 7690 , 385. 7698 | 
, 383. 9102 | 323. 9105 4, 383. 9093 | 383. 9090 | 
, 203. 6960 , 208.6954 | 4, 203.6947 | 4, 203. 6941 | 
4, 193. 5320 | 93. 528% , 193.5302 | 4, 193. 5297 | 
1226 | 
4, 116. 1160 16. 113 4,116.1149] 4,116. 1149 
4, 109. 7120 , 109. 708: 19. 7095 , 109. 7094 
| 78. ‘ 8. 8205 78, 8209 
3, 967. 5466 | 3, 967. 5421 3, 967. 5414.| 3, 967. 5405 
5 J, 950. 9251 3, 950. 9245 


Data on individual xenon measurements are presented in Tabi 
6. Exposures 5c and 106 were made under conditions alread 
described, the Xe lines appearing as impurity lines. A new 
Xe tube was used for the first time in exposure 15a. One hour ol! 
intervened between exposures 15a and i6a in addition to unrecor 
time for adjusting. Another new tube was used in exposure 
Only three lines were measured on this plate, since most of the o 
were over exposed. These three measurements are probably 
best we have for the lines indicated, since they lie very close to th 
weighted mean. Here again we find no systematic variations 
differences between individual observ ation are apparently due 
usual errors of observation. Lines of medium intensity, free !r / 
hyperfine structure, and, therefore, yielding sharper patterns sh’ 
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agreement in the wave lengths than those less favorable for 

easurement. If a pressure effect were exhibited by xenon a similar 
t would be expected in the spectra of other rare atmospheric 
jases. In this connection an investigation of possible variation of 
7 wave lengths with pressure by Meggers and Burns in 1922 

‘ld be recalled. T hey prepared a series of neon tubes with pres- 
«ures ranging from 0.1 mm Hg to several cm, and compared the wave 
Jengt hs of the radiation with the fundamental standard, care being 
taken to maintain the Cd tube under constant conditions. They 
ohserved no ch: ange in Wave length as large as d part in 10,000,000, 
which was the probs ible error of the observatic nd concluded that 

lengths from Cd or Ne sources are reproducible within the 
its of precision attainable in wave-length comparisons. 

: further support of their contention that x cenon exhibits a pres- 

. shift, McLennan and Quinlan have compared the infrared grating 
measurements of Mernill*° with those of Meggers, deBruin, and 
Humphreys.” It should be remembered that these two sets of data 
were obtained w ith a grating giving a scale of 10.4 A per mm and that 
no claim of precision greater than about 1 part in 200,000 is made for 
these measurements. The recent measurements are probably more 
relia ible than the earlier ones because longer lived tubes, permitting 

ver exposures, Were available, and a larger number of spectrograms 
vere measured. Differences between the two sets of data represent 
errors of observation and can not be cailed upon to prove a pressure 
shift. We, therefore, find no evidence for pressure shift in any of the 
rare gases used at pressures not exceeding a few cm Hg, and are 
forced to the conclusion that the decrease in sig lengths reported by 
McLennan and Quinlan is explained by errors of observation. 

It may be of interest to add that we have observed a change of 
wave length of the are lines of Kr and Xe under the conditions em- 
ploved to excite the spark spectrum and attribute the phenomenon 
to Stark effect. When ye tubes are operated with condensed dis- 
harges and series spark gap many of the arc lines are noticeably 
diffuse and unsy mmetrical with their centers of gravity displaced 
toward longer wave lengths. With uncondensed discharges of direct 
or alternating current, exciting only the spectrum characteristic of 
neutral atoms, such Stark effects are entirely absent, the lines are 
exceedingly sharp and perfectly reproducible. 


ffec 


COL 


W ASHINGTON, July 3, 1930. 
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ant d Burns, B. S. Sci. Papers (S441), 18, p. 185; 1922. 
'B ci. Papers, 15 (S345), p. 251: 1919. 
ers, deBruin 1, and Humphreys, B. S. Jour. Research, 3, p. 7 
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ENNELLY-HEAVISIDE LAYER HEIGHT OBSERVATIONS 
FOR 4,045 AND 8,650 kc 


By T. R. Gilliland 


ABSTRACT 
Virtual heights of the Kennelly-Heaviside layer as measured by the radio-echo 
ethod are reported for 4,045 and 8,650 ke. The report covers daytime observa- 
ions made each week between January 16 and June 19, 1930. Two evening 
+: are also described. Curves are given comparing heights with sunspot 


bumbers and magnetic character. Records taken on April 28, 1930, the day of 
e solar eclipse, are shown. 


This note is a report of results obtained by the echo method in the 
siudy of the Kennelly-Heaviside layer between January 16 and June 
19, 1930. The method used is essentially that first used by Breit 
and Tuve! and consists of the receiving and oscillographic recording 
of signals from a high-powered transmitter which is sending out 
pulses or “peaks”’ of extremely short duration with sufficient intervals 
ofno emission between pulses to record the echoes. The time interval 
between the arrival of the ground wave and the first echo is used to 
calculate the “‘ virtual height’’?. 

The transmissions were furnished through the courtesy of the 
Naval Research Laboratory at Bellevue, D.C. Two 20 kw crystal- 
controlled transmitters were used, one operating on 4,045 ke and the 
other on 8,650 ke, each being modulated by means of an unbalanced 
multivibrator circuit.2 The records were made at the National 
Bureau of Standards field station near Kensington, Md., at a distance 
{21 km from the transmitter. 

The results reported here were obtained from transmissions occur- 
nng each week on Mondays and Thursdays. The 4,045 ke was 

Ftransmitted from 11.15 to 11.30 a. m. and from 3.45 to 4 p. m., while 
the 8,650 ke transmission was from 11.30 to 11.45 a. m. and from 
4to 4.15 p. m., eastern standard time. On January 20 and 27, trans- 
inission Was continued until midnight. 

_ The curves in Figure 1 show morning and afternoon virtual heights 
tor both frequencies. The curves are plotted with straight lines 
through the observed points. Usually more than one record was 
obtained during the 15 minutes of transmission on each frequency, so 
that most of the points on the curves represent averages of several 

readings. Considerable changes in height have been noted within a 
‘ew minutes. ‘On the morning of April 21, a change from 290 to 265 
km was noted in seven minutes. (Fig. 2.) The interval between 
adjacent timing marks on each trace is 429 second. The curves 
of Figure 1 show that on 4,045 ke the afternoon heights observed 
were always greater than the morning heights, but for 8,650 ke this is 


Y Breit and M. A. Tuve, Phys. Rev., 28, p. 554; September, 1926. 
at W. Kendrick and C. K. Jen, Proc. I. R. E., 17, p. 711; April, 1929 
1, A. Tuve and O. Dahl, Proc. I. R. E., 16, p. 794; June, 1928. 
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not true. It is of interest to note that 8,650 ke echoes were reeeiy 
only between February 6 and April 7. Except for this period, obs 
vations showed oniy the ground wave. During this time, howeyo 
the appearance of the echo pattern obtained on this frequency y. 
usually similar to that for 4,045 ke, except for the much gresto 
retardation on the higher frequency. As many as five ai ese 
echoes have been recorded from a single transini itted pulsi 
peculiarity t een noted at times in the ‘pa étern on both 
quencies is ti »pearance of the last of a group of multipl each 
with greater a nitude than that of one or more of those precedi 
Besides the layer for which the curves are drawn, a lower layer }; 
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FicurE 1.—Mor ning and afternoon viriual heights of the 
ionized layer for 4,045 and 8,650 ke, between January 16 
and June 19, 1980 


been observed on 4,045 ke on a few occasions, at a height 

120 km. In Figure 3 are shown two records taken on Janu 

in the lower record a weak echo peak giving a height of approximate) 
119 km appears between the ground peak and the strong echo peas 
from the 235 km layer. Follo wing the latter pene, are two smalle 
ones, the first of which appears to be a multiple reflection from the 
low layer, and the second fous the high layer. The upper record, 
taken eis ght minutes later, shows a much stronger reflection from th 
low layer. That multiples do not follow the reflection from the high 
layer may be attributed to the obscuring of the high layer by t 


lower one. 
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FicurB 2 (retouched).—Records showing rapid change in height. First three 
traces show drop from 290 to 265 km in seven minutes for 4,045 ke 


Trace at bottom shows one single peak for &,650 ke. 








TiME 
i 


A A te 






































FIGURE 3 (retouched).—4,045 ke transmission showing 


reflections from low layer, January 23, 1930 
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FIGURE 4. 4,0 V5) ke transmission as recorded on day of solar eclipse, 1 pi Ll? 
1930 











Eclipse maximum 0.49 total at Washington at 3.23 p. m. 
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FiGuRE 6.— Record showing virtual height of 406 km 
for 4,045 ke, April 17, 1930 
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Reco ‘ds obtained on April 28, the cay. _of the solar eclipse, give a 
horning height of only 202 km for 4,0 » ke, which is considerably 
lower than any other value obtained dur; andl us series of observations. 

The lowest previous. value was 219 km on January 16. The ec lipse 
id not reach a maximum, which was 0.49 total, until 3.23 p.m. A 
record at 3.52 p. m. showed a height of 317 km. (Hig. 4.) 

The curves of Fi igure 5 were plotte: d to show poss sible corres; pondence 


a 
350 


] 
| 
|| 
| | 

| 

| 


No.l ~ PAAGNETIC CHARACTER OF THE 

No2 Provisiona Sunseot Numezes 

No3 Averace or Mornine ano Arrennoom 
IVinrua. Heients ror 4045 kc. 

| | No4 Averace or Mornine ano Arternoon 

ses-{Vintuar_HeiewtTs ror BESO kc. 


“ 
































a a a so meee 
Oo 20 & 
MAY 





tte character of the day, sunspot numbers, and average 
eights of poner layer for 4,045 and 8,650 ke between January 16 
une 19, 19. 30 


s might bear to sun-spot numbers and to mag- 
netic chi he curves of virtual height were plotted from 
eve rages of morning and afternoon values. The sun-spot curve was 
plotted only fer days on which measurements of height were made. 

‘Oo. 1 shows the magnetic character of the day, zero represent- 

quiet day, while ordinates 1 and 2 repre esent moderate dis- 

and severe disturbance, respectively. Although no con- 

ve cor — between magnetic character and height is evident 

the curves, it will be noted that the disturbed period which 

began Febru ary 12 has been accompanied by a rise in height of 

considerable magnitude. The extreme heights (fig.6) beginning 

ea aps il 10, may suggest the disappearance of one layer, per- 

mitting a —_ er one to come into view rather than the rise indicated 
In the curve: 

The existence of a close correspondence between sun-spot numbers 

and virtual heights for 4,045 ke, such as is suggested by curves 2 and 


3, Figure 5, can be demonstrated only by observations over a much 
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longer period. The correlation shown, while interesting 
considered in any sense conclusive, because of the limited, 
of the available observations. 

The curves of Figures 7 and 8 were plotted from data obtained when 
transmission was continued until midnight. In both cases | re: 


: Leights 
are shown to fluctuate rapidly after dark. The dotted ln 


CS are 
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VARIATION IN VIRTUAL HEIGHT OF IONIZED LAYER 
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Figure 7.—Variation of virtual height of ionized layer on January 20, 193 


drawn to indicate the possibility of the existence of two layers, bot) 
of which rise after dark. The curves would suggest that reflections 
are occurring first from one layer and then from the other. Both o! 
these evening tests show a dip after sunset, such as has been men- 
tioned by other observers. 

It will be noted that the curve for January 20 shows a maximun 
height of 344 km reached shortly after 9 p. m., while the curve {0 
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FicurE 8.—Variation of virtual height of ionized layer on January 27, 149 
January 27 indicates no such “‘ceiling,’”’ but shows an increase up 10 
450 km at 11.41 p.m. It may be of interest to note that the pr- 
visional sun-spot curve gives a value of 63 for January 20 and 5! 
for January 27. 
Patterns obtained at night, especially during the early mornilg 
hours, are, in general, not as simple nor as easily interpreted as those 
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obtained in the daytime. The reflections frequently appear as a 
umber of irregular peaks or form one broad pulse. To interpret 
kuch records in terms of one, or even several, well-defined layers is 
extremely difficult. The results of such tests on other frequencies 
are reported in another paper recently published.* _ 

During these observations it was not found practicable to monitor 
the transmitters to check the shape of the pulscs sent out. In some 
cases the peaks were found to be split, but the character of the 
patterns was such that no appreciable errors could be introduced in 
‘he measurement of virtual heights. 

In view of the fact that these observations have been carried on 
for so short a period of time and for such limited conditions, no 
attempt is made to give an interpretation of the results at this time. 
It is hoped that observations may be continued over a longer period 
of time and for a number of other frequencies. 

Thanks are due to Dr. A. H. Taylor and assistants at the Naval 
Research Laboratory for furnishing the transmissions, to the Depart- 
ment of Terrestrial Magnetism for sun-spot data, and to the Coast 
and Geodetic Survey for magnetic data. 


WasHINGTON, July 16, 1930. 





‘Pp. A. deMars, T. R. Gilliland, and G. W. Kenrick. Kennelly-Heaviside layer studies. Proc. I. R. E. 
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sTUDY OF THE METHOD FOR TITRATING ALDOSE 
SUGARS WITH STANDARD IODINE AND ALKALI 


By G. M. Kline and S. F. Acree 







ABSTRACT 






Modi fication of the iodine-alkali method is reeommended, based on the obser- 
ion that alkali added slowly to a solution of an aldose sugar containing a small 
nount of iodine will tend not to form sodium iodate, but to react very rapidly 
Bith the sugar, V1zZ: 


RCHO+1.+3 NaOH~RCOONa-+ Nal-+-2 H2O 











addition of the iodine and alkali successively in small portions, the concentra- 
jon of sugar relative to the iodine-alkali or sodium hypoiodite is kept at a level 
bvoring the sugar oxidation reaction. The formation of iodate, therefore, indi- 
Baies the complete oxidation of the aldose to the monobasic acid. By this pro- 
dure only 2 ml excess of tenth normal iodine is necessary. ‘This eliminates the 
900 to 200 per cent excess iodine required by other methods, which has been 
und to cause overoxidation. The determination can be carried out in 10 
inutes. Iodate formation, moreover, takes place more rapidly than the very 
oxidation of ketoses and nonreducing sugars. The oxidation of the non- 
wdie sugars consumes iodine and alkali in approximately the 4:5 ratio 
.d for the conversion of a primi iry alcoholic group to a carboxyl. It has 
been demonstrated that the percentage of pe Sn calculated from the 
@kali used in the oxidation reaction checks the iodine value. By the use of an 
excess of pure dextrose, therefore, this reaction can be used to standardize the 
Modine solution against the alkali solution or vice versa. 




























CONTENTS 
















Page 
L Inirogittignc oe. eee Re Rn A RR ae a Ee ee 1064 
f Il. kxperimental work. ee ee ee ee ee 1066 
1. Study of the formation of iodate during the oxidation of al- 
IR 08 3 bn bins a xepors ote OME teil gin SL. sino O66 
2. Determination of oj >timum 1 experiment: al conditions... ___--- i067 
(a) Effect of varying the mode of addition of reagents.. 1067 
(b) Time factor - ._- Ee : 1069 
(c) Excess of reage nts required Bf eens 1069 
(d) Slow oxidation experiments. -.......------------ 1071 
3. Investigation of the action of the reagents on nonaldehydic 
sugars. ___. ee a ae eee 1072 
4. Study of the titration of iodine in alkaline solution -_-—__-- 1076 
5. Use of the method for standardization of iodine or alkali 
solutions__--_-_- Sh” Pere Sees Aor re: Be ee 1078 
- 6. Effect of pli on the reaction velocity eee an 1079 
III. Discussion of results.......---------. note Haas 1080 
1. Experimental evidence re garding overoxidation aes 1080 
2. Oxidation of ketoses eey nonreduci at Ue): a are 1081 
I\ Recommended procedure - gs eee. 453 d2e8: 1081 





v. 8 NUIMMArY Qi GORGMIRIONS.- 6 ket bwatd a coe 7s 1083 





Bureau of Standards Journal oy Research 


I. INTRODUCTION 


A number of attempts have been made to establish a quantita 
relationship between various aldose sugars and the iodine consy, 
by their oxidation in alkaline solution. The postulated reactioys j 
this oxidation are: 


I,+2 NaOHssNalO+ Nal+H,O 
RCHO+ *NalO + NaOH_->RCOONa + Nal+H,0 


Equations (1) and (2) may be combined to give the reaction as usygl 
written. 


RCHO+I1,+3 NaOH~RCOONa+2 Nal+2 H,O 


It was early recognized that the sodium hypoiodite may also react; 
form sodium iodate: 


3 NalO—NalO,;+2 Nal 
or combining (1) and (4) 


3 1,.+6 NaOH—NalO,+5 NaIl+3 H,O (3 


This removes some of the iodine from the sugar oxidation ‘reaction 
After the completion of the sugar oxidation, the system is made acid 
to liberate the iodine from sodium hypoiodite and sodium iodate: 


NalO+ Nal+2 HCl-—I,+2 NaCl+H,O 
NalO,+5 NaIl+6 HCl—3 I,+6 NaCl+3 H,O 


This liberated iodine, together with any free iodine present, beior 
acidification is titrated with sodium thiosulphate solution: 


I, +2 Na.S,0,—2 Nal+ Na.S40z 


The difference between the total iodine added and the excess ioditt 
as found by the thiosulphate titration represents the amount of lodu" 
used up in the oxidation of the sugar according to equation (3). |! 
has recently been shown by Slater and Acree’ that a check on' 
iodine value may be obtained by titrating with standard alkali t the 
free acid left after completing the iodine titration. 


_ HCl+NaOH—NaCl+H,0 
Sugar acid lactone + HAO@RCOOH 
RCOOH + NaOH—RCOONa+ H,0 


This permits a calculation of the amount of aldose sugar on ti 
basis of the alkali used up in reaction (3). 

The method was first expounded by Romijn? who found thi 
the use of strong alkalis, such as sodium hydroxide caused the oxid i 
tion to proc eed beyond the monobasic acid stage, represented iD 





1 Analytical edition, Ind. Eng. Chem., 2, p. 274; 1930. 
? Zeit. Anal. Chem., 36, pp. 18, 349; 1897. 
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action (3); he, therefore, preferred the use of buffer salts, such as 

dium and ammonium carbonate, potassium bicarbonate, trisodium 

hosphate, and borax to control the hydroxyl ion concentration. 
he procedures studied and recommended by Bougault,’ Colin and 

‘vin! and Cajori,’ and recently by Pirrone and Irrera,? MacLeod 
nd Robison,’ and Englis and Byer® also involve the use of these 
ufler salts. However, extended time periods are necessary for the 

mplete oxidation of the sugar in these weakly alkaline mediums, and 

thermore consistent results are not always obtainable. Bland and 
ovd? used a so-called neutral hypoiodite solution, made by mixing 
juivalent amounts of NV/10 sodium hydroxide and iodine immediately 
receding the addition of the sugar solution. Willstatter and 
hudel ® recommended that the iodine be mixed with the sugar 

Jution and that the alkali be added drop by drop to the mixture. 

hey state that the amount of alkali added must be sufficient to 
autralize the monobasic acid formed and that the reaction goes well 
m ihe theoretical amounts of iodine and alkali are used. However, 

their description of the experimental procedure, they prescribe 
ouble the theoretical amount of iodine and one and a half times the 
yecessary alkali. This procedure was also studied by Judd," Baker 
nd Hulton,” Kolthoff,* Hinton and Macara,“ Voorhies and 
Alvarado,’ and Goebel.’® In all instances upwards of. 100 to 200 
yer cent excesses of iodine and alkali were used. The results varied, 
me workers reporting quantitative results, while others found the 
esults inconsistent, obtaining both low and high values. 

Goebel emphasized the fact that too rapid addition of the alkali to 
he sugar-iodine mixture or previous admixture of the alkali and iodine 
s in Bland and Lloyd’s method, would favor the formation of iodate, 
eaction (5), and so exhaust the iodine before the complete oxidation 
{the sugar. This would account for the low results obtained by 
ome workers. The high results are readily ascribable to overoxida- 
ion in the presence of excess iodine and alkali which Romijn first 
oted and which many later workers have failed to take into consider- 
ation. The term overoxidation as used throughout this article refers 
toa further oxidizing action of the alkaline iodine reagent on the aldose 
ugar molecule after the conversion of the aldehyde group to a 
arboxyl. It is evidently necessary, therefore, to modify the method 
0 that an excess of the reagents will be avoided. The new method 
snd some data obtained by its use are given in this article. 





Compt. rend., 164, pp. 949, 1008; 1917, 
‘ Bull Soc. Chim. (4), 28, p. 403; 1918, 
*J. Biol. Chem., 54, p. 617; 1922. 

‘ L’industria Chimica, 4, p. 105; 1929. 

Biochem, J., 23, p. 517; 1929. 

* Analytical edition, Ind. Eng. chem., 2, p. 121; 1980. 
‘J. Soc. Chem. Ind., 33, p. 949; 1914. 

" Ber., 51, p. 780; 1918. 

Biochem. J., 14, p. 255; 1920. 

e Biochem. J., 44, p. 754; 1920. 

Pharm. Weekblad., 60, p. 362; 1923. 

" Analyst, 49, p. 2; 1924. 

. Ind. Eng. Chem., 19, p. 848; 1927. 

*J. Biol. Chem., 72, p. 301; 1927, 
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II. EXPERIMENTAL WORK 


1. STUDY OF THE FORMATION OF IODATE DURING THE OXIDATIoy 
OF ALDOSES " 


The customary procedure in the determination as outlined by 
Willstatter and Schudel and generally followed by subsequent wor}. 
ers was the addition of double the amount of necessary iodine to the 
sugar solution and then the slow addition of an amount of alli 
corresponding to the theoretical 2:3 ratio. This technique, involvi 
the presence of a molecular excess of iodine over sugar, allows 
formation of iodate to take place simultaneously w ith the oxidat 
of sugar and thereby in part counteracts the excesses of reagents ys 
To show experiment tally this simultaneous formation of iodate an 
oxidation of sugar a slight excess of N/10 iodine solution (21 m| 
was added to 50 ml of xylose solution containing 1 millimol (0.1500¢ 
and 25 ml N/10 NaOH were added over v arying time reich Th 
amount of alkali is insufficient to oxidize the sugar na ely 
therefore, insures the presence of free iodine and sugar to compete 
for the alkali through the intermediate action of hapoludite through- 
out the entire experiment. After a definite interval had -lapse 
following the addition of the alkali, the free iodine ” | 


ip 


left was titrated 
with N/10 thiosulphate solution. The iodine combined as iodate wa 
then liberated by the addition of N/5 HCl and titrated with NI 
thiosulphate solution. The results obtained are shown in Ta! le l, 
An increase in the rate of f addition of the alkali is seen to acceler 

the for ma ition of iodate to a marked degree. This would indicate the! 
the iodate reaction goes at a much slower rate then the oxidation 
the aldose sugar. The data presented in Tables 2 and 6 give furthe 
proof that the iodate reaction is slower than the sugar oxidation. 

If the sugar were present in excess of the iodine, the high conce- 
tration of sugar relative to the iodine would favor the oxidation res 
tion. This is readily accomplished by adding the iodine and alkali 
alternately in small portions, taking special precautions to add the 
alkali drop by drop with constant stirring. When the 25 ml of alkal 
were added in 4 portions to the iodine-sugar mixture described abor: 
the iodine liberated from icdate required only one or two drops of tle 
thiosulphate reagent to titrate it, showing that the oxidation reactio 
used up the alkali practically quantitatively. 

If this same predominance of the aldehyde oxidation a oN 
the iodate formation should hold true until the sugar had bee 
completely converted to the monobasic acid, a rapid sh in the 
iodate content would i indicate the end point of ‘the oxidation reactia 
This, of course, would depend on the velocity of the iodate formation 
being greater than that of the overoxidation reaction. This has bea 
experimentally observed to hold true. The results of experiment 
in which both deficiencies and excesses of the reagents were used whi 
adding the reagents in 4 portions as described above, are presen ted i 
Table 2. They show that in the gece e of an aldose sugar very 
iodate is formed, and that after the aldehyde group of the sugar he 





17 In experiments in which there is considerable free iodine an error would be introduced due tot 
reaction of hypoiodite with _ ulphate ins stead of the tit Tr stion of hypoiodite as iodine. T! 
discussed at further length bi . It should be stated thi L this een ‘e was used only in er 
experiments described in Tat ‘les . and 2. In the other data the solution was acidified before titrating 1 
thiosulphate unless noted otherwise 
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eon completely oxidized, the amount of iodate found increases 


idly. This provides us, therefore, with a reliable index of the 
mpletion of oxidation and permits the modification of the iodine- 
ikali method so that the aldose sugars can be determined in the 
resence of only slight excesses of the reagents and so avoid undue 


veroxidation. 


TaBLE 1.—Effect of rate of addition of alkali on iodate formation 


10.1500 g xylose, 21 ml N/10 I and 25 ml N/10 NaOH used in each experiment] 


|. | Interval be-| 
| Time of | ‘fore titra- Iodate 
| epee | tion with found 
| of alkall | hoisulphate 

| 


Remarks 





Min. | ml N/101 | 
3.24 | Iodine added in 1 portion. 
3.97 | Do. 
a Do. 
2 | Do. 


. 78 Do. 
81 Do. 
. 39 Do. 
.29 | Do. 


19 Do. 
soe Do. 
.08 | Iand NaOH added in 4 portions. 
. 07 Do. 








TaBLE 2.—Relation of todate formation to completion of sugar oxidation 


liquot containing 1 millimol or 0.1500 g xylose taken for each experiment. Theory requires 20 ml iodine 
and 30 ml alkali for sugar oxidation] 





| | ml N/10 I 
| ml N/10 1 | ml] .N/10 NaOH | found com- 
| added added | bined as 

| iodate 


Remarks 





0. 05 Deficiency of both reagents. 
0.13 | Deficiency of iodine. 
0. 30 Do. 
0. 08 Deficiency of alkali. 
0. 16 Do. 
0.27 | Slight excess of both reagents. 
0. 28 0. 
L. Excess of both reagents. 
3. Do. 
4. Do. 
8. Do. 
16. S$ Do. 
| 




















2. DETERMINATION OF OPTIMUM EXPERIMENTAL CONDITIONS 


In order to establish the experimental procedure necessary for 
btaining accurate results, it was necessary to determine the effect of 
farying the mode of addition of reagents, the time necessary for the 
ompletion of the reaction, and the excess of reagents which will give 
n iodate value indicative of completion of the reaction and yet be 
nsuflicient to cause objectionable overoxidation. 


(a) EFFECT OF VARYING THE MODE OF ADDITION OF REAGENTS 


In regard to the addition of reagents, Willstatter and Schudel 
‘commended the dropwise addition of alkali to the iodine-sugar mix- 
ure with constant stirring. They stated that the reaction goes well 


15377°—30——7 
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if theoretical amounts of iodine and alkali are used, but preseribed y, 
addition of one and one-half to four times the theoretic val amount y 
iodine and a similar quantity of alkali. However, T able 3 shows thy 
the use of only theoretical amounts of the reagents in this many 
gives low results (experiment 1), whereas the excesses of the rex: ven) 
cause considerable overoxidation, roughly 2 per cent (experiments 
and 6). Experiments 2, 3, and 4 in Table 3 indicate that When jh 
alkali is added dropwise to the iodine-sugar mixture more ye, 
quantitative results are obtained by using small excesses of 
reagents and reducting the time of oxidation. The addition ; 
alkali rapidly from a burette (25 ml per minute) did not differ 1 mate 
rially from the dropwise addition in the results obtained (experina nf 
7and8). On the other hand, when the reagents are added accordy 
to the method generally used by Slater and Acree; that is, the rapi 
addition of iodine to the alkali-sugar mixture, the relative concentn 
tions of alkali and sugar allow the iodate reaction to proceed sini) 
taneously with the sugar oxidation. With slight excesses of ¢ 
reagents low results are, therefore, obtained (experiment 13): ey 
when the iodine is added dropwise to the alkali-sugar mixture, i 
sugar oxidation is incomplete (experiment 11). This mode of tity 
tion, therefore, not only necessitates using excesses of the reageny 
resulting in possibility of overoxidation (experiments 14 and 12), }y 
also masks a rapid jump in iodate formation at the completion of ti 
aldehyde oxidation. This same effect has already been noted j 
Table 1 for the rapid addition of alkali to the iodine-sugar mixture, 


TaBLe 3.—Effect of variations in the mode of addition of the reagents on 
completeness of oxidation 
[Aliquot containing 1 millimol of dextrose taken for each experiment; 15-minute interval before acidi! 


and titration with thiosu Iphate, unless otherwise noted. Complete oxidation to the mono! 
requires 20 ml N/10 I and 30 ml N/10 NaOH} 





l 
T | | | rT | 

Num: ! poag v7 ‘ : | MI N/10 1) oy ary yang 
SE og pe hy ee 101 ml N/10 NaOH |eonsumed|™ 0%: 
ate ~ 2 hmm ensiesd — added added in oxida- | ee 


tion 








. 58 
17. 98 | 
. 20. 34 | 
fc ote drop- | 4 portions rap- . 57 5. B 20. 12 | 

wise. | idly. 














| 
| 





1 An interval of only two minutes before acidification and titration with thiosulphate wi 
these experiments. 


If the addition of the alkali and iodine is made in four portions al 
the iodine is added drop by drop to the alkali-sugar mixture (expe 
ment 15) the consumption of iodine and alkali by the sugar Is qu! 
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mparable to that obtained by the reverse process, namely, the 
jdition of alkali dropwise to the iodine-sugar mixture (experi- 
vents 9 and 10). In the further experimental work the mode of 
jdition of the reagents adopted was the dropwise addition of alkali 
the iodine-sugar mixture, splitting the addition of the reagent into 
pveral portions. 
(b) TIME FACTOR 


The time factor in this reaction has always been very important 
d quite empirical. Some investigators have recommended 5 min- 
tes and others have prescribed 30 minutes for the completion of the 
jdation after the addition of the reagents. When weak buffer 
its have been substituted for the sodium hydroxide, the time has 
oon extended from 30 minutes to 24 hours with temperature control 
coming an important factor. These extended time periods render 
he use Of buffer salts impractical for ordinary determination of 
Idoses. Using the modified procedure described herein, the time 
nterval necessary before making the back titrations was determined. 
he results of these experiments (Table 4) indicate that in the 
resence of 1.5 to 2.0 ml excess of iodine and 1.6 to 5 ml excess of 
cali the oxidation reaction proceeds to completion in about two 
ninutes and that longer time periods result in overoxidation. On 
nsideration it will be seen that this is the logical outcome, since the 
ddition of iodine and alkali has been performed at such a rate over a 
eriod of five to six minutes that the aldehyde sugar group is con- 
antly exhausting the added reagents and that, therefore, only a short 
ime is required to oxidize the last traces of aldehyde groups. This 
bservation isin agreement with the results of Baker and Hulton who 
pund that three to five minutes sufficed for the completion of the 
eaction. Instead of a purely empirical time interval, therefore, we 
ave a reaction that consumes the reagents quantitatively as they 
e added and may be considered as complete two minutes after the 
ust of the reagents is added. 


(c) EXCESS OF REAGENTS REQUIRED 


Investigation of the amount of reagents to be added in excess 
bvolved three points; first, the determination of that excess which 
ill give complete oxidation of the sugar to the monobasic acid; 
econd, the determination of whether the amounts of one or both 
agents must be controlled; and third, a study of the overoxidation 
at might be expected with excesses of reagents. The data in 
ables 4, 5, and 6 furnish a solution of the first of these problems. 
hus it is seen that when the reagents are added in four portions, 
inning in the alkali dropwise, and a 2-minute interval is allowed 
elore acidifying and titrating with thiosulphate, 1.5 to 2.0 ml excess 
iodine and 5 ml excess of alkali give complete oxidation. Larger 
cesses Of the reagents result in a jump in the thiosulphate titer as 
hown in the last two columns of Table 6. It would be possible 
D use either this slight excess of each reagent or to use a slight excess 
one reagent and have the other present in a much greater excess. 
study of Tables 4 and 5 will readily show such to be the case. How- 
er, 1t 18 more convenient and simplifies the method if an excess of 
ml of alkali is added, keeping the iodine to about 2,0 ml excess. 





1070 Bureau of Standards Journal of Research 


Vol s 
VO 


This results in all but a trace of the iodine being used up in the oy 
dation reaction or iodate formation, and so enables one to judge the 
excess of iodine that has been added by the thiosulphate titer r. 
nally there must be considered the overoxidation that takes place with 
excesses of iodine and alkali. Fortunately, as we have seen, the oyw. 
oxidation proceeds at a much lower rate than the formation of jodat, 
However, on a pure sugar sample for which 20 ml of N/10 iodine i 
required for one millimol, 0.1 ml of the iodine reagent is equal to 9; 
per cent of the sugar. This means that if 0.1 ml of iodine wer », 
be used up in further oxidation of the sugar molecule, the result bas 
on a 2: 3 ratio of iodine : alkali consumed would be 0.5 per cay 
high. Table 6 shows that with 20 ml excesses of iodine and alka 
an overoxidation is obtained which consumes on the average aboy 
0.4 ml of iodine.’® The error due to overoxidation in such cases jj 
therefore about 2 per cent. In general, previous workers have used 
such an excess of reagents. With the slight excesses of reagents 
recommended in this paper, the error in the determination of a mill. 
mol of aldose is about plus or minus 0.3 per cent. This is equivalen 
to about a drop of N/10 iodine and is therefore all that can be expected 
of a volumetric procedure. 


TABLE 4.—Effect of varying the oxidation period on the consumption of iodir 


{Aliquot containing 1 millimol of xylose taken for each experiment. Iodine and alkali added alternatdy 
in four portions, adding the alkali dropwise. Complete oxidation to the monobasic acid requires 
20 ml N/10 I and 30 ml N/10 NaOH] 


Interval before | 
r r acidification | ml N/101 | ml N/10Na0H 
I i 0 NaO " “ | eo team 
nl N/10 NaOH and titration jconsumedin| consumed in 
with thiosul- oxidation oxidation 
phate 





ml N/10 I added 











1 One millimol of dextrose used in these experiments. 


18 The consumption of iodine and alkali in those experiments in Tables 6, 8, and 9, in which free iota 


was determined is too high due to the simultaneous oxidation of the thiosulphate reagent by the lou 
in the alkaline solution. These experiments will be discussed below, 
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5.—Hffect of varying the excess of each reagent on the oxidation of sugar 


‘not containing 1 millimol of xylose or dextrose used for each experiment. Iodine and alkali were 
-ddad alternately in four portions; 2-minute interval before acidification’and titration with thiosulphate; 
»lete oxidation to the monobasic acid requires 20 ml] N/10 I and 30 ml N/10 NaOH] 
” ¥ 


| ire 
| . - r.ntr| mI N/10I |m1N/10 NaOH 
“ i mi N/10 NaOH | consumed in| consumed in | Reagent in excess 


oxidation oxidation 


| 
35. 06 19. 64 } 29. 43 Alkali. 

35. 09 19. 89 29. 80 Do. 
33. 78 | 9.99 30. 01 Do. 
35. 34 . 96 29. 89 Do. 


35. 40 | . 98 30. 08 Do. 
35. 56 | 20, 02 30. 02 Do. 
35. 18 20. 07 30. 13 Do. 
35. 44 20. 05 30. 11 Do. 


5. 24 | 20. 30. 08 Do. 
39. 14 | 20. 1 30. 26 Do. 
31. 62 20. 30. 00 Slight excess of 
| each reagent. 
31. 63 20. 15 30. 08 Iodine. 











mol of dextrose used in these experiments. 


‘ ® 2 ’ 
TABLE 6.—‘‘Qveroxidation”’ of xylose 
t containing 1 millimol of xylose taken for each experiment. This xylose was converted to xylonic 
¥ y alter slow addition of iodine and alkali. Data in this table presents effect of further addition 
of these reagents 


| 
ml N/10I | ml.N/10 NaOH oT, ml N/10 1 

consumed consumed in ml N/10 I combined 
in oxidation| oxidation as iodate 


ml N/10I ml N/10 NaOH 
added added left free 


0. 08 (1) 
26 (!) 
(1) 

(*) 

(1) 

(4) 


. 20 . 76 0. 36 
2 . 68 . 30 
. 76 2. 26 | . 30 
2. 53 3. 5: 37 
. 97 2. 7% | . 50 
2. 80 3. 85 1.71 
2. 63 3. 6E 1. 34 16. 36 











ne was not titrated separately in these experiments, but was included with iodine obtained 
late by acidifying. 
» and alkali were added in alternate portions of 5 and 7.5 ml, respectively, running in the alkali 


DY drop 
line and alkali were added rapidly in alternate portions of 5 ml each, with 1-minute interval after 


ali w 1s added first in one portion, then the iodine was run in drop by drop. 
(d) SLOW OXIDATION EXPERIMENTS 


A series of slow oxidation experiments was performed in which the 
Bodine and alkali were added in 0.5 to 2 ml portions to determine 
the minimum excess of reagents that would be required under these 
meonditions. The results are shown in Table 7. When 0.22 to 0.62 
m1 excess of iodine and slight excess of alkali were added, and acidified 
@nd titrated after two minutes interval, the oxidation was not com- 
plete (experiments 1, 2, 3). When an inierval of 15 minutes was 
allowed before titrating the iodine with thiosulphate the oxidation 
as more nearly complete (experiment 4), indicating that under these 
eonditions the small amount of free iodine present just after the 
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reagents had been added is utilized in the oxidation of the balance ¢ 
the sugar rather than forming iodate. By adding an excess of alkgi 
drop by drop, the oxidation reaction is brought more nearly to cop. 
pletion (experiments 5 and 6). These experiments indicate that tly 
slight excess of iodine found necessary for complete oxidation, namdly 
2 ml N/10 I, is required to offset the free iodine involved in ti, 
hypoiodite equilibrium reaction (equation (1)). 


3. INVESTIGATION OF THE ACTION OF THE REAGENTS ON NONALp». 
HYDIC SUGARS 


Before applying this method to various sugar-containing materiak 
it is necessary to know whether sugars other than aldoses would bp 
attacked. For a study of this phase of the problem, levulose aj 
sucrose '® were employed as examples of ketoses and nonreduciy 
sugars, respectively. Here again it is necessary to determine whethe 
the formation of iodate proceeds more rapidly than the oxidation ¢ 
these carbohydrates. Tables 8 and 9 show that this is experimental; 
observed. Furthermore, it will be seen that levulose is somewhs 
more reactive than sucrose toward these reagents. This is clear 
shown in Table 10, which gives the apparent iodine values assigned t 
dextrose, levulose, and sucrose by various authors. The values take 
from this paper are those in which the sugars were oxidized by 20 u! 
N/10 I and 30 ml N/10 NaOH using the recommended procedure. 


TaBLe 7.—Slow oxidation of dextrose 


[Aliquot containing 1 millimol of dextrose was taken for each experiment. Iodine and alkali were sits 
alternately in portions of 2 and 3 ml, respectively, until 18 ml iodine and 27 m1 alkali had been adda 
then the iodine and alkali were added alternately in portions of 0.5 and 0.75 ml, respectively; t y 
of the alkali was added with the last portion. The iodine was run in rapidly from a burette; the alia 
was added dropwise with vigorous stirring. Addition of the reagents required 13 minute ' 
minute interval was allowed before acidification and titration with thiosulphate. Complete osidsiia 
of the sugar to the monobasic acid requires 20 ml N/10 I and 30 ml N/10 NaOH] 





| ml .N/10 I con- ml N/10 NaOH 
sumed in | consumed in 
oxidation oxidation 


; ml N/10I1 | ml N/i0 NaOH 


Number of experiment ml N/10 Nasioh 
5 eee) Baden added required 


20, 22 19. 40 29, 14 
20. 34 32. 29. 56 
20. 62 | 31. 02 | 9.65 | 29, 62 
120. 16 | 30. 45 | Y, 82 | 29. 70 
20. 06 | 37. 6 9. 6: 29. 59 
20. 65 37.73 | 9. &: 29. 76 





1 Fifteen-minute interval before acidification and titration with thiosulphate was allowed in '™% 
experiment. 


Table 11 presents the results of some typical analyses of mixtur 
of these sugars and dextrose. It will be observed that the resili 
are nearly quantitative for the aldose despite the presence of cor 
siderable levulose or sucrose. In the presence of this slight exces 
of iodine, 2 ml, these sugars would be very little attacked. Furthe- 
more, the presence of excess iodide salt, both that added with u 
iodine reagent and that formed during the oxidation of the aldo, 
would reduce the amount of hypoicdite present at any time (¢ql 
tion (1)) and, therefore, would result in less oxidation of the sugi 





19 We are indebted to Dr. R. F. Jackson, of the polarimetry section, for a supply of pure 1 
Bureau of Standards Standard Samples No. 17 of sucrose and No. 41 of dextrose were used in the ep" 
ments described in this paper. The xylose used was specially prepared by several recrystallizations ' 
concentrated water solutions, 
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.e amount of iodide salt introduced in the solution by the oxida- 
on of a millimol of aldose with 20 ml N/10 I is roughly equivalent 
0.8 g potassium iodide. The effect of this salt on the oxidation of 
syulose and sucrose is shown in Table 12. The values for sucrose 
re reduced to about the same order as those obtained for the over- 
sidation of xylose. The oxidation of levulose is markedly inhibited 
y the addition of KI, but with 20 ml N/10 I it is still of a greater 
rder than the oxidation of sucrose or overoxidation of xylose. With 
ml N/10 1 there is very slight oxidation of either sucrose or levulose 
» the presence of 0.8 g potassium iodide; Table 11 indicates that in 
he presence of aldose the amount of oxidation of these nonalde- 
ydic sugars, although definite, is practically negligible. The method 
ecommended in this paper, therefore, has the advantage in routine 
alysis of eliminating the necessity of applying corrections for 
xidation of ketoses and nonreducing sugars, such as are required 

the presences of large excesses of reagents. Table 11 also illus- 
ates the applicability of the method to small amounts of aldose 
gars, since quantities as low as 0.036 g dextrose were titrated prac- 
ically quantitatively. 


TABLE 8.—Ozidation of levulose 


Aliquot containing 1 millimol or 0.1800 g of levulose taken for each experiment unless otherwise noted] 


ml N/10 I Si ied P 

ml N/10I | ml .N/10 NaOH | consumed ml N/10 NaOH | ml N/101 mil N/10 I 
added | added | inoxida- | COMSUMedin | “jot free | Combined 
ag | tion oxidation , as iodate 








7.15 
32. 46 
32. 13 
31. 85 
| . 91 | . 9 ‘ 
| 22. 71 . 2.75 
136. 86 | ; 130. 79 


























Fr iodine was not titrated separately in these experiments, but was included with iodine obtained 
mM iodate by acidifying. 


toy my and alkali were added in alternate portions of 5 and 7.5 ml, respectively, running in the alkali 
yp Vv ( rop. 


eae and alkali were added rapidly in alternate portions of 5 m! each with one minute interval after 
aC pair, 


‘ Alkali was added first in one portion, then the iodine was run in drop by drop. 


, tive grams of levulose were used in this experiment. Alkali and iodine were added rapidly in alternate 


fa of 5 ml each with one minute interval after each pair. 
Wenty-one grams of levulose were used in this experiment, The reagents were added as in (5). 
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[Aliquot containing 1 millimol or 0.3422 g of sucrose taken for each experiment unless otherwise pn, te 


TABLE 9.—Ovxidation of sucrose 





ml N/10 I | ml N/10 NaOH| 
consumed | consumed in 
in oxidation oxidation 


mi N/10I | ml N/10 NaOH - 
added | added left free | | combined 


ml N/101 | ml N10] 
as lodate 
| 





0.11 0.15 
. 06 | -10 
06 | O08 
. 09 «ad 
04 09 


Prwnpye 


t 








a met 








1 Free iodine was no ti rated separately in these experiments, but was included with iodir 


from ior ate by acidifying 


2 Jodine and alkali were added in alternate portions of 5 and 7.5 ml, respective ly, running in tl 


drop by drop. 


4 


Same as 2, except that the alkali was added first. 
Iodine and ailiali were added rapidly in alternate portions cf 5 ml each with 1-minute 


each pair. 


5 


€ 


Same as 4, except that the alkali was added first. 


Same as 4, except that the alkali was added drop by drop. 


4 


7 Same as 4, exc that the alkali was added first and then the iodine drop by drop. 


& 


Iodine and alkali were added rapidly and a 5-minute interval allowed before 


titration. 


¥ 


Same as 8, except that the alkali was added first. 


10 Same as 8, except that the alkali was added drop by drop. 


1 Same as 8, except the it the alkali was added first and then the iodine drop by drop. 


12 Five gran 1S of suc rose were used; reagents were added as in / 


1 


Thirty grams of sucrose were used; reagents were added as in! 


14 Twenty grams of sucrose were used; reagents were added as in 5. 


Fifty grams of sucrose were used; reagents were added as in 5. 


TaBLe 10.—A pparent iodine values assigned to sugars by various author 


[Values are given in grams of iodine per gram of sugar. Size of sugar sample used for determinati 


given in parentheses after the value] 


Baker and Hinton and 
7 
Judd Hultor Macara 


| 


| - 
Dextrose. -_- , ved aks 1.315 (0.1g) | 1.41(0.1g) | 1.410 (0.08 g) 
Levulose : .108(.1@))] .0C.1¢ 0065 (2g) 
Sucrose... - . 7 2g <@2¢.19) .0032 (10g) 
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TaBLE 11.—Oxidation of mixtures of dextrose with levulose and sucrose 


[Aliquot containing 2 millimol equivalents total sugar taken for each experiment] 





; | Per cent aldose 
omposition (in per cent) | | | sugar found 
| ml! N/10I jml N/10 NaOH|-———— — 
| consumed | consumed in 
in oxidation oxidation | Caleu- 


ated 


—————| m1 N/10I ‘ml N/i0 NaOH 
| | added added Calcu- 
lated 

from I NaOH 


Levu- | sucrose | 


| 





10. 08 
20. 10 
40. 08 
50. O4 
10. 10 
20. 13 
40. 12 
50. 05 











T\piE 12.—Effect of addition of potassium iodide on the oxidation of levulose and 
SUCTOSE 
[Aliquot containing 1 millimol of sugar used for each experiment] 


LEVULOSE 





| Amount of | ml] N/10I | ml N/10 NaOH ml N/10 1 | ml N/10 NaOH 


~ “yr consumed | consumed in 
KI added | added added in oxidation oxidation 


| 


None. | 2.07 
0.8 g 2.07 
None. | 20. 52 
0.8 Z 





SUCROSE 





None. | 5. 03 0. 06 
0.8 ¢ 5. 4: 08 
None. | 31. 7: 75 

? a4 


+0 








In order to obtain further information on the relationship of the 
oxidation of these nonaldehydic sugar molecules to the oxidation of 
aldose sugars 20 ml N/10 iodine and sufficient amounts of alkali to 
utilize this iodine completely were added under various conditions 
to solutions containing 1 millimol of sucrose. The effects of the 
order of addition of reagents, the speed of addition, and the amount 
of the reagents added at one time were investigated. (Table 9.) 
Although these experiments were not very successful in obtaining a 
marked increase in the consumption of iodine and alkali, they illus- 
trate further the effect of varying the mode of addition of the reagents. 
It was found that the greatest consumption of the reagents in the 
oxidation of a millimol of sucrose was obtained by adding the alkali 
first and then the iodine, either running in each reagent rapidly in 
one portion or adding them alternately in 7.5 and 5 ml portions, 
respectively, with 1-minute intervals between each pair and adding 
he iodine drop by drop. A greater consumption of iodine and 
alkali in the oxidation of levulose and sucrose was obtained by using 
hore concentrated solutions of these sugars. Table 13 shows that 
he ratio of iodine to alkali consumed is predominantly that required 
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by the oxidation of a primary alcohol group to a carboxyl, name 
4:5. Inasmuch as more vigorous oxidizing agents attack first tj 
aldehyde group and then the end CH,OH group to produce a dibs 
acid, the reaction with iodine-alkali would be expected to proce 
in that fashion. q 


4. STUDY OF THE TITRATION OF IODINE IN ALKALINE SOLUToy 


It was noted above that the titration of free iodine with the th; 
sulphate reagent in the presence of alkali results in an error due, 
the oxidation of thiosulphate to sodium sulphate. The investig, 
tions of this reaction by Topf” and Bougault * are particulgy 
noteworthy. 


TABLE 13.—Study of equivalent ratio of iodine and alkali consumed in the ovidatiyy 
of sucrose and levulose 


{CHO group requires 2:3 ratio; CHOH, 3:4 ratio; CH2OH, 4:5 ratio} 


| ml N/101I | ml N/10 NaOH} 


| consumed | consumedin | Ratio found 
in oxidation; oxidation | 


_—|—___—— 


1 97,7 
1 102. 91 


1 Levulose used in these experiments; sucrose used in remainder. 


The equation is as follows: 
Na.S.0,+4 I,+10 NaOH—2 Na.SO,+8 NaIl+5H,0 (i? 


In this reaction 1 mol of thiosulphate is equivalent to 8 atoms ¢ 
iodine whereas in the ordinary titration of iodine with thiosulphat 
1 mol is equivalent to 1 atom of iodine (equation (8)). It is readily 
seen that such a difference in equivalence can produce large errorsin 
the experimental results. Reference to Tables 6, 8, and 9 will shor 
the magnitude of the error obtained. The apparent consumption 
iodine by the overoxidation of xylose with 20 ml excess of iodine ant 
30 ml excess of alkali when the free iodine was titrated in alkali 
medium is approximately 2 ml, equivalent to 10 per cent overoxitt 
tion, but the true value as determined by acidifying before titratiag 
with thiosulphate, is 0.45 ml, or 2.25 per cent overoxidation. Sim 
larly the oxidation of levulose and sucrose apparently consumed) 
and 2.31 ml of N/10 iodine, respectively, when the free iodine wi 
titrated in alkaline medium, but the true values were found to be 14/ 
and 0.75 ml of N/10 iodine, respectively. When these latter value 
for the true consumption of iodine in oxidation are calculated to pt 
cent of oxidation based on four equivalents of iodine required per m0! 
of these sugars, as found experimentally (Table 13) it is found the 
3.68 per cent of levulose and 1.88 per cent of sucrose were oxidiztt. 


*” Zeit. anal. Chem., 26, p. 137; 1887. 1 Compt. rend., 164, p. 949; 1917 
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tthe per cent of oxidation is calculated on the basis of two equiva- 
ents of iodine as required for aldoses, the values are twice as high as 
hey should be. The preliminary oxidation data reported by Slater 
snd Acree in & previous article “i are too high, due to these two factors, 
amely, the titration of free iodine in alkaline solution and the calcu- 
ation of the per cent oxidation of sucrose and levulose on the basis 
of two equivalents of iodine required per mol of sugar instead of four 
equivalents. ce i. ake 
The work of Topf indicated that the free iodine and iodine combined 
ys hypoiodite could be measured with about 1 per cent error by 
aturating the alkaline solution with carbon dioxide. Some experi- 
ents were, therefore, carried out to determine the utility of that pro- 
edure in the present work. Experiment 1 in Table 14 shows that 
vith small amounts of free iodine the error due to oxidation of the 
thiosulphate reagent in the solution saturated with carbon dioxide is 
eglivible. In this experiment the alkali was added to the iodine 
before saturating with carbon dioxide and so most of the iodine had 
reacted to form iodate. In experiment 2 the alkali was saturated 
with carbon dioxide before adding the icdine. The pH of such a 
solution was found to be 6.4. The iodine did not react to form iodate 
at that pH. Moreover it was found that about 1 per cent of the 25 
ml of iodine added was consumed in the oxidation of the thiosulphate 
reagent, confirming Topf’s results. Experiments 3 and 4 indicate 
that at pH 6.4 the oxidation of dextrose takes place very slowly, and 
js only about one-third complete after 18 hours. In experiments 
5,6, and 7 the addition of the reagents to the sugar solution was 
carried out by the procedure recommended in this paper. After a 
2-minute interval the solution was saturated with CO, and the 
free iodine titrated with thiosulphate. Acidification and further 
titration with thiosulphate gave the amounts of iodine combined 
as iodate or rather the amount of iodine reacting according to equa- 
tion (5). Under these conditions the values for the consumption of 
iodine in the oxidation of the sugar checked closely the values ob- 
tained by direct acidification. (Tables 5 and 6.) The amounts of 
free iodine in these experiments, namely 1 to 2 ml, were too small to 
show the probable 1 per cent error noted above. The iodate values 
obtained by this procedure are somewhat lower than those noted 
when the free iodine is first titrated in alkaline solution. (Table 2.) 
This is probably due to small amounts of the iodine or hypoiodite 
liberated from iodate by acid reacting with the tetrathionate before 
the solution becomes sufficiently acid to prevent the oxidation. It 
will be observed that the alkali consumption values for this series of 
experiments are low, indicating that boiling the solution for 10 to 20 
minutes was not sufficient to eliminate the carbon dioxide. Treat- 
ment of these solutions with a stream of carbon-dioxide-free air would 
evidently be required to obtain better alkali oxidation values. These 
experiments indicate that for purposes of ordinary sugar analysis it 
is preferable to acidify before titrating with thiosulphate. 


” See footnote 1, p. 1064, 
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TABLE 14.—Effect of carbon dioxide on titration of free iodine 


[Aliquot containing 1 millimol of dextrose taken for each experiment unless otherwise noted, Free jos 
titrated with N/10 thiosulphate in CO: saturated solution. lodine combined as iodate was liberst 
acidification and was titrated with the thiosulphate reagent. The solution was boiled to ¢; 
CO, and the excess acid titrated with standard alkali using phenolphthalein as indicator] 





| 


ml N/10 Na .08 | | | ml N/101 
consumed in bye al bay jcombined| 
oxidation | . | as iodate 


! 
— 1 }ml es 
“| ml N7/1 ml N/10 NaOH |consur 
; adc fed added | in oxida- | 
| tion | 











. 93 | Oxidation car 
out In ust 


interval r 
Saturation wit 
C Oy 
29. 44 } 96 | Same : 
30.18 | 7. 94 Do, 





They show, furthermore, thet the iodine present in the free state or 
combined as hypoiodite can be determined separately from iodine 
which has reacted to form iodate by saturating the solution with 
carbon dioxide and titrating with thiosulphate before acidifying to 
decompose the iodate. T he values for free iodine thus obtained are 
in general, about 1 per cent low. 


5. USE OF THE METHOD FOR STANDARDIZATION OF IODINE OR 
ALKALI SOLUTIONS 


This iodine-alkali litration of aldose sugars provides a new method 
for standardizing either iodine or alkali. For inasmuch as the ale 
hyde group uses “up i iodine and alkali quantitatively in a 2:3 ratio, ! 
we keep the sugar present in excess and use either iodine or alkali: 
known strength, the strength of the other reagent can be aiauel 
Table 15 indicates the accuracy that may be attained in such stan¢- 
ardization. ‘Thus in the first experiment. in the table 20.49 ml of the 
iodine reagent were consumed in the ree TT The 30.66 ml 1) 
alkali consumed are equivalent to 20.44 ml N/10 I on the basis of tht 
2:3 ratio of iodine to alkali required. This would, therefore, meal 
that the calculated strength of the iodine reagent is 0.1NX 20. 44/20.40 
or 0.0998 N, or only 0.2 per cent under the true value 0.1 N given br 
careful standardization against arsenite solutions. Bureau of Stant- 
ards standard dextrose was used in these experiments. Formaldety” 
was found to give equally satisfactory results. This application of th 
iodine-alkali method should be especially useful in providing occ 
sional checks on the strength of the reagents as it is only necessary 





Titrating Aldose Sugars 1079 


ave an excess of an aldose sugar present. Thus an aliquot of the 
gar solution being analyzed could be used to check the reagents 
povided there were no imputities present containing other groups 
tive towards the iodine, such as unsaturated or phenolic groups. 


\BLE 15.—Quantitative relationship of alkali and iodine consumed in oxidation 


| ml N/10 I re- | 
Pse- cal : 
m! N/10 NaOH — or | ml N/10 I con- 
consumed in |  Jated from. | sumed in oxida- 
oxidation | Neon con- | Hon: observed 
NaOH con- | value 


ml N/101I |mi N/10 NaOH 
| added added 


i 
| 
| 
| 
| 


sumed 





20. 44 | 
20. 01 | 
20. 23 
| ESS ool E 20. 12 
xeess formaldehyde. - 20. 30. 92 0. Of 20. 00 





2345° 6 76 IF OH 2B ME 
mi “io NaOH 


Figure 1.—Titration of zylose with I, and NaOH using a glass electrode 


6. EFFECT OF pH ON THE REACTION VELOCITY 


In order to obtain information on the pH changes taking place in 
the mixture during the oxidation, a titration was made with a glass 
electrode,* to determine the hydrogen ion concentration. Figure 1 
presents the curve so obtained with 0.06 g xylose, requiring 8 ml NV/10 
! and 12 ml N/10 NaOH for complete oxidation. The iodine was 
added in two portions, an initial portion of 8.5 ml and another 0.8 ml 
after 11.9 ml of NaOH had been added. This second addition of 
iodine was necessitated by losses due to volatilization during the 
3-hour period required for the experiment. The broken line shows 
the rise in pH that occurs upon the addition of alkali followed by a 
drop as the alkali is used up in the reaction. This drop takes place 


ee ae 





* The authors wish to acknowledge the generous cooperation of M. R. Thompson, of the chemistry divi- 
Sion, for carrying out this experiment with his apparatus, 
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very slowly and probably had not reached the equilibrium point 
during the 10 to 15 minute intervals between additions of alkali 
The rapid rise in pH was not measured for the first three portions qj 
alkali added. The last portions of alkali cause a steady rise in oH 
signifying the exhaustion of the iodine in the solution. This experi. 
ment and also experiments 3 and 4 in Table 14 show that at aboy 
pH 7.0 or lower the oxidation of the sugar proceeds very slowly and 
that in order to use the reaction for practical analysis it is necessary 
to raise the pH to between 9 and 10. The regulation of the pH \ 
therefore of prime importance in both the analytical method and jy 
the practical application of these reactions in the production of suga 
acids from the sugars by the use of chlorine and bromine. A further 
study of the mechanism of the reaction and the effect of the concep. 
tration of hydrogen ion and other reactive constituents on th 
reaction velocity is contemplated. 


III. DISCUSSION OF RESULTS 
1. EXPERIMENTAL EVIDENCE REGARDING OVEROXIDATION 


The necessity for the recommended modification of the iodine. 
alkali method hinges upon the overoxidation that will occur with 
excess of the reagents. Romijn clearly states that in the presence of 
free alkali the decomposition proceeds beyond the monobasic acid 
stage. Notwithstanding this, Willstatter and Schudel prescribe the 
mixing of 1% to 4 times or generally about twice the theoretical 
amount of iodine with the sugar solution and the subsequent addition, 
drop by drop with shaking of 144 parts of N/10 NaOH. This latter 
statement may be taken as either meaning 1}; times the theoretical 
amount of alkali or 1% times the amount of iodine added. The 
latter interpretation has been usually applied. Taken either way it 
is clearly an excess of reagents and, in general, will result in over- 
oxidation. This procedure has been essentially followed by later 
workers and has resulted in considerable confusion as to the appii- 
cability of the method. Thus Judd reported that quantitative r- 
sults could not be obtained, the values being low. A typical series 
of 12 experiments was published by Voorhies and Alvarado. Three 
of them, or 25 per cent, gave low results; three gave results within 
0.5 per cent of 100 per cent; and six, or 50 per cent, were high, due to 
overoxidation. The low results as pointed out above are ascribable 
to exhaustion of the iodine by iodate formation before the completion 
of the sugar oxidation. Attention must be called to the fact that 
some investigators have diverged from the use of N/10 NaOH and 
have used stronger alkali. This would favor the formation of iodate 
and, therefore, give low results unless great excesses of reagents welt 
added. The same effect would be obtained if the alkali were added 
rapidly instead of slowly with constant stirring. A somewhat similar 
effect is noted in the experiments of Hinton and Macara who found 
that the apparent iodine value of dextrose diminished when. the 
amount of alkali added was increased. The greater excess of alkall 
would naturally combine with a larger proportion of the iodine to 
form iodate, and thus leave a deficiency of iodine for the sugar. 
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2. OXIDATION OF KETOSES AND NONREDUCING SUGARS 


An equally confusing situation exists as to the effect of these 
reagents on sucrose and levulose. Romijn also noted an attack on 
these sugars and was later confirmed by Bougault and others who 
ound that this so-called secondary oxidation was characteristic of 
all polyatomic alcohols. Some investigators, however, including 
Willstatter and Schudel, found no evidence of any action on the 
ketoses and nonreducing sugars. There is considerable variation in 
the iodine values assigned to these sugars by those investigators who 
noted their oxidation, as Table 10 shows. This is readily understood 
from consideration of the experimental studies reported herein. Such 
values would depend on the amount of sugar present, the amount of 
reagents added and the mode of addition, and are of use only when 
empirical conditions of sugar concentration, reagent concentration, 
node and rate of addition, time of oxidation, etc., are kept constant. 
(ur studies have reaffirmed Bougault’s conclusion that this secondary 
oxidation is the result of a characteristic action on the polyhydroxy 
molecule. 


IV. RECOMMENDED PROCEDURE 


For the determination of the aldose present it is preferable to take 
an aliquot of the sugar solution or a weighed amount of the solid 
substance, which will react with approximately 20 ml of N/10 iodine. 
Titrate this solution with N/10 NaOH or HCl until it is exactly 
neutral to phenolphthalein. Add the phenolphthalein at this point 
only when it is necessary to bring the solution to neutrality and use 
only one drop as the alcohol introduces a potential source for loss of 


iodine. A water solution of this indicator or of phenol red or thymol 
blue might be used for this titration. Add 5 ml of N/10 iodine from 
a burette; then add drop by drop from a burette 7.5 ml of N/10 NaOH. 
Repeat this process until 22 ml of iodine and 35 ml of alkali solution 
have beenrunin. ‘This operation will take about five to six minutes. 
Allow a two-minute interval for the completion of the oxidation. 
Acidify with N/10 (or N/5) HCl to free the iodine from any sodium 
iodate present and titrate the liberated iodine with N/10 thiosulphate. 
Starch indicator may be used. Add two to three drops of phenol- 
phthalein solution and titrate the excess acid with N/10 NaOH. 

If the iodine liberated by acidification requires more than 2 to 3 ml 
of V/10 thiosulphate, too much iodine has been added, resulting in 
overoxidation. If a very accurate determination is desired, the exper- 
iment is repeated, and the amount of the thiosulphate titration less 
2 ml is deducted from the amount of iodine to be added to the 
unknown. On the other hand, if the thiosulphate titration after 
acidification is less than 1.5 ml, a sufficient amount of iodine has not 
been added. In such a case it is necessary to repeat the experiment 
adding more iodine and alkali. 

The number of ml N/10 I minus the number of ml N/10 Na.S.Os, 
and the number of ml N/10 NaOH minus the number of ml N/10 HCl 
give the quantities of N/10 I and N/10 NaOH used in the oxidation 
of the sugar. One millimol of the sugar (0.15 g xylose) requires for 
oxidation 20 ml of N/10 I and 30 ml of N/10 NaOH. Either iodine or 
alkali consumed, or both as checks, may be used to calculate the 
amount of aldose present. 
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The ketose and nonreducing sugars are not oxidized sufficiently t 
interfere with the precision of the “method unless iodine and alkali gy 
used in excess of the above amounts. Lignins and other compoyy4 
oxidized by iodine and alkali generally react differently from Sugar 
and disturb the 2:3 ratio for iodine and alkali. 

The following suggestions may be found helpful: 

1. In all cases a ‘trial analysis for the sugar content will help i ina 
more accurate control of a suitable excess of the reagents in the fing 
analysis. The excess of reagents that have been added can be est 4 
mated from the back titer with N/10 thiosulphate and the amoun; i 
N/10 1 and N/10 NaOH added can (ea correspondingly reduced, . 
if the thiosulphate titer in a trial analysis is approximately 10 ml, th 
amount of N/10 iodine added in the final analysis would be decrease 
by about 8 ml. 

For ordinary analysis it is only necessary to determine gery. 
rately the amounts of N/10 I and N/10 thiosulphate used. This 
would eliminate the necessity of reading and recording the acid ay) 

alkali figures. In such cases, therefore, it is only necessary to ul 

the i iodine and alkali reagents as set forth above, allow a 2-mimi 
interval, then acidify and titrate the liberated iodine with thiosul- 
phate. The thiosulphate titer will then indicate whether suflicien: 
iodine has been added or show the approximate degree of overoxide. 
tion if an excess has been used. 

3. When adding the portions of N/10 alkali to the solution contain. 
ing iodine, one should stir it vigorously to avoid localized concentration 
of alkali. 

An excess of iodine in colored solutions can be readily detected 
with starch. However, a small amount of free iodine persists in the 
solution even in the presence of unoxidized sugar and can not be taken 
as indicating the end point of the oxidation. A rapid jump in the 
amount of iodate formed seems to be the only reliable index of the end 
point. 

5. When acidifying to liberate the iodine from iodate, the best Drv 
cedure is to add sufficient acid to neutralize the excess alkali and to 
free the iodine from the iodate present, titrate the iodine, then add 
more acid, and so on until no more iodine is liberated by the acid. 
The use of this step from time to time during the trial analysis wil 
indicate when the end point has been reached. Such results, however 
can be used only to determine the approximate amount of reagents 
needed, for after the first titration with thiosulphate, Na,S,Oe is into- 
duced into the mixture which is also oxidized by iodine in alkaline 
solution and, therefore, causes the figures for iodine and alkali col 
sumption to be high. For the same reason titration of the free iodine 
bee thiosulphate before acidification should be avoided. 

. It should be emphasized that the previous methods have not 
inn ided any indication whether sufficient reagents had been added, 
except repeating the experiment using larger amount of iodine a id 
alkali. However, by this modified procedure a thiosulphate titer 
equivalent to 2 ml N/10 thiosulphate solution or higher is evidence 
that the end point has been reached, and vice versa, a very low thw- 
- < titer indicates that sufficient reagents have not been added. 

There is a small amount of the lactone of the sugar acid formed 
after acidification with HCl which will result in a fading end point 
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vith phenolphthalein. However, when the titration is carried out in 
, class-stoppered flask and the alkali is added slowly a pink color 
chich persists for one minute or longer may be taken as the end point. 
‘he fading due to the lactone can be further differentiated from the 
fect of carbon dioxide by conducting the titration in the presence of 
, stream of carbon dioxide-free air. 

The following example will serve to illustrate the determination 
ind calculation of the percentage of sugar present. 

Weight of xylose (dry) 1.5291 g; dissolve and dilute to 500 ml vol- 
me with distilled water; 50 ml aliquot taken for titration. 
~The solution was found to be neutral to phenolphthalein, then 
941 ml N/10 I and 35.19 ml N/10 NaOH were added alternately in 
our portions of 5 and 7.5 ml, respectively, the excess of each reagent 
ing added with the final portion. The iodine was run in rapidly 
from a burette, the alkali drop by drop with constant stirrmg. After 
a two-minute interval 13.69 ml N/1i0 HCi were added to free the 
iodine combined as NalO;, and 2.06 ml N/10 thiosulphate were 
required to titrate the liberated iodine. It was then found that 9.07 
ml V/10 NaOH were used up in bringing the solution back to the 
neutral point. 

Summing up these volumes we find that the following amounts of 
reagents were used: 22.41 ml N/10 I, 2.06 ml N/10 thiosulphate, 
4.26 ml V/10 NaOH and 13.69 ml N/10 HCl. Subtracting the thio- 
sulphate titer from the iodine titer and the acid titer from the alka- 
line titer we find that 20.35 ml N/10 I and 30.57 ml N/10 NaOH have 
been consumed in oxidizing the xylose. 

Since 20 ml V/10 iodine and 30 ml N/10 NaOH are required for 1 
millimol (or 10 ml of N/i0) xylose the amount of xylose actually 
present in the sample can be calculated as follows: 


Wt. of millimol _, ml reagent used , 100 = per cent 


Wt. of sample “ml reagent required per millimol” xylose 


0.1500: == xylose based on iodine con- 
0.1529 “* 20. sumed. 


0.1500 | 30.57 100 =99.96 per cent xylose based on alkali con- 
0.1529 30.00“ sumed. 


V. SUMMARY AND CONCLUSIONS 


Experimental evidence is presented which shows that the customary 
procedure of adding excess iodine and alkali in the titration of aldose 
sugars results in overoxidation and, therefore, high values. 

The slow addition of small portions of iodine and alkali alternately 
to the sugar solution results in the nearly quantitative utilization of 
the reagents in the oxidation of the sugar. 

_ The completion of the sugar oxidation is indicated by a rapid jump 
In lodate content. 

Ketoses and nonreducing sugars are only relatively slightly at- 
tacked; they do not interfere with the routine determination of aldoses 
in mixed sugar samples, 

15377°—30-—8 
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The oxidation of ketoses and nonreducing sugars consumes jodi 
and alkali in approximately the ratio required for the conversion of 
primary alcoholic group to a carboxylic group, namely 4:5, 

The method provides a convenient and accurate means of standgy), 
izing the iodine solution against the alkali solution or vice versa, or, 
rapidly checking the reagents by using an excess of pure dextrose, 

Details of the modified method and a typical experiment with ¢. 
culations are presented. 


WASHINGTON, July 23, 1930. 
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PROPERTIES OF LEAD-BISMUTH, LEAD-TIN, TYPE 
METAL, AND FUSIBLE ALLOYS 


By J. G. Thompson 


ABSTRACT 


The tensile strength, hardness, and elongation of a number of lead alloys have 
hen determined and are presented herewith. Data on the solidification charac- 
istics and on the resistance to compression of some of the alloys also are 

S esented. The alloys studied are divided into four classes: (1) Binary alloys 
fjead and bismuth, (2) binary alloys of lead and tin, (3) type metals, with and 

‘thout the addition of small amounts of bismuth, and (4) fusible alloys of 
ismuth, lead, tin, and cadmium. The data are presented both in tabular 
orm and in graphs. 
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I. INTRODUCTION 


In the course of an investigation seeking to develop and extend 
uses for metallic bismuth and its alloys, conducted at the bureau under 
the research associate plan in cooperation with the Cerro de Pasco 
Copper Corporation, the mechanical properties of a number of lead- 
base alloys were determined. These alloys included lead-bismuth 
alloys, solders, and type metals with and without additions of bis- 
muth, low-melting alloys, and some miscellaneous alloys. Tensile 
strength, hardness, and elongation were determined in practically 
all cases, and are presented in tables and graphs. In addition, the 
behavior in compression tests and during solidification of some of the 
alloys is shown. Unfortunately it was not possible to carry to com- 
pletion the program originally outlined for this cooperative investi- 
gation. It has seemed advisable, however, to make available the data 
secured to those who may be interested even though some of these 
ata are admittedly of a preliminary nature. 





‘Research associate for the Cerro de Pasco Copper Corporation. 
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II. LEAD-BISMUTH ALLOYS 


Bismuth resembles lead in some of its properties and frequently 
associated with lead in its ores. Bismuth, therefore, is encounters 
as an impurity in the refining of lead, and lead is one of the maj 
impurities encountered in the refining of bismuth. Lead- bismut 
alloys, with a wide range of bismuth content could be produced mor 
easily than the highly “purified metals. These factors, coupled yij 
the similarity of bismuth to antimony, which is widely used as 4 
hardening agent in lead alloys, made a study of lead-bismuth alloys 
seem to be a logical starting point in a search for new or useful al Hors 
of bismuth. 

Existing information on the properties of bismuth and many of 
its alloys has been reviewed in a recent circular published by th 
National Bureau of Standards (7).2. The equilibrium diagram 6 tt 
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Figure 1.—Equilibrium diagram of the system lead-bismuth 
(Cowan, Hiers, and Edwards (6).) 


bismuth-lead system, according to Cowan, Hiers, and Edwards (() 
is shown in Figure 1 and miscellaneous information concerning spect! 
characteristics of selected alloys is available in the technical literature. 
On the other hand, information regarding the hardness or other me 
chanical properties of bismuth-lead alloys is incomplete, and i 
quently is contradictory. Di Capua and Arnone (2) found maxim 
hardness at the eutectic composition while Herold (1) found that the 

hardness increased steadily to a maximum at about 95 per cent bs 
muth. Mallock (5) measured the flattening of cones of metal unde 
the application of pressure and concluded that the hardening “- 
of bismuth on lead is about the same as that of tin, and considerably 
less than that of antimony. Little information is available concer: 
ing other mec chanical properties of lead-bismuth alloys. 





? The nin given in parentheses here and aiid the text alate to the iiiaiias numbers 
bibliography given at the end of this paper, 


the 
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1. METHODS OF TEST 


ompson] 


The determination of the tensile strength, elongation, and hardness 
lead-bismuth alloys containing up to about 50 per cent bismuth, 
erefore, was undertaken. Pure bismuth (99.99 per cent) and pure 
ad (99.8 per cent) were used in the preparation of the alloys, and 
umerous analyses showed that the total of impurities in the finished 
Movs usually was less than 0.2 per cent. Tensile strength and 
ongation were determined on cast test bars of standard dimensions, 
505 inch diameter in the reduced section. The test bar mold was 
ade from a split block of mild steel, approximately 3 by 3 by 10% 
nches outside dimensions. Figure 2 shows the interior dimensions 
{the mold and the provisions for pouring and gating the casting. 
ardness was determined on disks sawed from the large ends of the 
st-bar castings. The usual practice in casting was to preheat the 
teel mold and to pour the molten metal at the lowest temperature 
apable of producing good castings. The castings remained in the 
mold about two minutes and were then removed and allowed to 
finish cooling in the air. Determination of the properties usually 
was made 24 hours after casting. 



























































FiagurE 2.—Section of test bar mold 


| All of the lead-bismuth alloys are ductile or plastic with the result 
that the values obtained for the mechanical properties will depend 
hupon the conditions of the determination. For instance, the apparent 
Btensile strength of an alloy, which contained 52 per cent bismuth, 
rcould be varied as desired between 4,000 and 8,000 lbs./in.? depend- 
ing upon the speed of travel of the head of the testing machine. A 
rate of operation corresponding to 0.5 inch per minute travel of the 
uree cross head of the testing machine was adopted as standard and 
vas maintained for all determinations. 

Brinell hardness was determined using a 10 mm ball and 100 kg 
load, which was applied for one minute. The plastic nature of the 
alloys presented obstacles in this determination also, but the pro- 
cedure outlined above generally produced satisfactorily reproducible 
results. Elongation was determined on a 2-inch gage length on the 
tensile specimens, and again the plastic nature of the alloys caused 
regularities in the results. 


2. DISCUSSION OF RESULTS 


The data obtained are presented in Table 1 and are shown graphi- 
eally in Figure 3. The tensile strength of the alloys increases stead- 
y with increasing bismuth content up to 25 per cent. Properties, 
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such as the tensile strength, would be expected to change regularly 
with anne composition up to the limit of solid solubility bu 
when this limit is passed and the structure of the metal is no longer 
homogeneous a break in the curve might be expected. Such a break 


occurs in the tensile strength curve, but it does not occur unti] 
composition of 25 per cent bismuth is reached. If equilibrium ¢ 
ditions existed in the specimens, this would indicate that bismuth 
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Figure 3.—Mechanical properties of lead-bismuth alloys 


soluble in solid lead at room temperature to the extent of 25 per cet! 
instead of to 17 per cent as indicated in the equilibrium diagram. 
It is possible, however, that some, if not all, of these discrepancies 
were caused by the fact that the rather bulky cast specimens did not 
attain equilibrium at room temperature in the time available fo 
these experiments. From 25 to 35 per cent bismuth, precipitatiol 
of increasing amounts of bismuth or a bismuth-rich constituent 4 
stroys the uniformity and decreases the strength of the solid solutia 
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f bismuth in lead. From 35 to 50 per cent bismuth, the tensile 
strength again increases: indicating that the bismuth-rich constituent 
chen present 1n appreciable amounts increases the tensile strength, 
though when present in lesser amounts or as an impurity it has the 

osite effect. In general, the curve shows a gradual increase in 
tensile strength with increasing bismuth up to 52 per cent, except 
for irregularities in the region of 30 and 35 per cent bismuth. 


Taste 1.—Mechanical properties of lead-bismuth alloys in the cast condition 
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The experimental data show a gradual decrease of elongation with 
increasing bismuth content, then irregularity in the same region of 
the limit of solid solubility, and a final rise after the solid solubility 
is definitely exceeded. Elongation results on cast specimens tend to 
be irregular as they are influenced by minor imperfections in the 
castings to a greater degree than are either the tensile strength or 
hardness. 

The hardness data show an increase in hardness with increasing 
bismuth up to about 20 per cent, followed by practically constant 
values from 20 to 45 per cent, with a final rise at the end of the curve. 
Irregularities in the region of 30 and 35 per cent are not so pronounced 
; asin the other curves. 

A few experiments on the susceptibility of these alloys to heat treat- 
ment or to precipitation hardening were performed. Standard 
| 0.505-inch test bars were examined in the following conditions: As 
cast; cast and aged at room temperature; quenched in ice water from 
120° C. and pulled immediately; quenched in ice water and aged 24 
hours; and annealed by heating to 120° C. for two hours, fol- 
lowed by slow cooling to room temperature. No significant differ- 
ences were established between the ‘‘as cast’’ and the “cast and aged 
at room temperature” specimens during periods of aging extending 
ip to seven months. The results of the tensile strength determina- 
tions on these heat-treated specimens are shown graphically in Fig- 
ure 4. No appreciable variation in results, below 35 per cent bismuth, 
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was caused by any of the heat treatments used, probably becay 
test bars, 0.505 inch minimum diameter, were not so responsi, 
heat treatments as were the fine wires used by Dean and his cowo ad . 
(3, 4) in their investigations of lead-antimony alloys. Above 33 * 
cent bismuth the effects of heat treatment are more noticeable. 
Specimens quenched in ice water, from 120° C., and pulled imp ed 
ately, show practically the same tensile strength as fully anneg! 
specimens. Their strength, however, is definitely less than that 
either the “as cast” or of the “quence! hed and aged 24 hours” Spec 
mens. This would indicate the same tensile strer ith f for the quenched 
solid solution and for the fully annealed material i in which the eyeos 
bismuth-rich constituent has precipitated and agglomerated. Th 
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Ficure 4.—Effect of heat treatment and aging on the mechanical 
properties of lead-bismuih alloys 


quenched solid solution is unstable at room temperature, precipitation 
of the excess bismuth occurs and the presence of this precipitate in i 
finely divided condition, not agglomerated as it is in the annealed 
state, stiffens and strengthens the alloy. This precipitation 1s prat- 
tically complete in 24 hours at room temperature. 


3. SUMMARY 


The addition of bismuth to lead hardens and stiffens the resultant 
alloys. The effects throughout the range from 0 to 50 per cent bis 
muth are roughly proportions al to the concentration of bismuth, excep 
for irregularities in the region of the limit of solid solubility of bismut 
in lead. This hardening effect of bismuth on lead is less than tat 
developed by equal proportions of antimony as was shown by the fat! 
that all of the lead-bismuth alloys up to and including the 12 per cet! 
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al 
0 Rpsony 


loy were readily rolled to sheets one thirty-second inch thick. From 


he ease with which even the 12 per cent alloy was rolled, it appears 
hat sheets containing considerably more than 12 per cent bismuth 


ould be prepared, but this was not attempted in the present 


vestigation. | | 
Lead-bismuth alloys, in the form of comparatively bulky test bars, 
jo not exhibit the age hardening and susceptibility to heat treatment, 
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Figure 5.—Mechanical properties of lead-tin alloys 


| demonstrated for lead-antimony alloys. Fine wires of lead-bismuth 


alloys might be more susceptible to heat treatment and might show 


m nffo.4- - : . a ‘ ‘ 
elects comparable to those obtained for lead-antimony wires. 


III. LEAD-TIN ALLOYS 


The mechanical properties of lead-tin alloys, containing up to 50 


| Per cent tin, were determined and are presented in Table 2 and in 


.; . ~ r e e 
Figure 5. These data were intended to serve as a base for an in- 
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vestigation of the possible use of bismuth in soft solders, a use why 
is at once suggested by the known ability of bismuth to lose 
melting point of met tallic alloys and to decrease the surface tension 
of lead and tin. 

The freezing points, solidification ranges, and limits of solid g| 
bility of the lead-tin alloys may be obtained from sdiiitinten ah lis 
grams, suc ‘+h as that of Cowan, Hiers, and Edwards (8), reproduce 
in Figure 6. Experimental data of the present investigation (fo 5 
show a distinct parallelism between the hardness and tensile strenot 
curves, although there are irregularities in the region of limite 
solubility of tin in lead, i. e., in the region below 16 per cent jp 
Both curves rise steadily as the tin content is increased up to 3 
per cent, then flatten and finally begin to drop off as compositions ¢) 
45 and 50 per cent tin are reached. 
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Figure 6.—Equilibrium diagram of the system lead-tin 


(Cowan, Hiers, and Edwards (8).) 


Elongation data exhibit more variations than appear in the tensi’ 
strength and hardness data. The first effect of the addition of tu 
is to “decrease the elongation values, until a sharp minimum in the 
curve is reached at about 15 per cent tin, approximately the lint 
of solid solubility at eutectic temperature. As the tin is increased 
beyond 15 per cent, the elongation rises rapidly to values greater 
than 100 per cent and remains at or near 100 per cent until 50 pe 
cent tin is reached. Some irregularity is evident in these high elong 
tion values, but these irregularities are believed to be more exper 
mental errors than signifies ant variations in the properties 0! the 
alloys. Determinations usually were limited to three test bars 0! 
each composition and elongation results are especially susceptible 
to minor defects in the cast specimens. 

An interesting feature of these three curves is the uniformly high 
tensile strength, hardness, and elongation of all alloys between 3 
and 40 per cent tin, 
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TABLE 2.—Mechanical properties of lead-tin alloys in the cast condition 


“ 





| | 
Composition Bri 1 | 
Tensile inne! | Elongation 


hardness | 3"5° : 
strength number in 2 inches 





Per cent' Per cent} Lb./in.2 Per cent 

100 | QO | 2, 030 5 
95 | g 4, 220 
90 | 5, 560 
85 5, 270 
80 5, 730 
75 6, 220 


| 
| 
| 
70 | 6, 810 
65. | 35 6, 880 
| 
| 
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55 6, 800 
6, 400 
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IV. METALS 


The statement that bismuth has been used in type metals is found 
epeatedly in the literature of bismuth (7). An essential characteristic 
of type metals is that they shall make exact reproductions of the type 
olds, and a frequent explanation for the use of bismuth is that 
hJloys containing bismuth produce good castings because they expand 
n freezing and that this property, already present in the lead- 
antimony alloys, is improved by additions of bismuth. Matuyama 
(\0) proved that this is not the proper explanation for the ability of 
type metals to produce good castings. Pure antimony expands during 
olidification and lead-antimony alloys rich in antimony expand, but 
toa lesser extent, than does pure antimony. This expansion decreases 
as the antimony content decreases until at about 75 per cent antimony 
an alloy is obtained which passes from the liquid to the solid state 
hvithout change in volume. Below 75 per cent antimony, solidification 
of the alloys is accompanied by shrinkage which increases in amount 
fas the composition approaches pure lead. In a similar manner 
bismuth-rich alloys expand, but low-bismuth alloys contract during 
solidification (9). Matuyama showed that lead-antimony and lead- 
antimony-tin alloys, containing from 12 to 16 per cent antimony, all 
Fcontract 2 per cent or more during solidification. He ascribes the 
pexcellent casting properties of type metals'to their low surface tension 
in the molten state, which promotes accurate reproduction of the 
contour of the mold, and to the fact that castings of type metal are 
usually made under pressure. Normal type metals, therefore, do not 
sexpand during solidification but the tradition that they do expand is 
still encountered frequently. 

The fact remains that type metal alloys which consist essentially 
/of lead, antimony, and tin, produce remarkably good castings. The 
primary requirement of a good type metal is that it shall produce good 
/castings under the conditions of operation of the casting machine 
employed in that type of work. esirable features are hardness, 
strength, resistance to compression and to wear, but these are all 
secondary in importance to the ‘casting properties” under the fixed 
| conditions of operation of a given machine. 
| Bismuth resembles antimony in its ability to harden alloys of lead 
and tin, although it is not as efficient as antimony in this respect. 
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Bismuth also lowers the surface tension of molten lead and lowers }, 
solidification points of !ead and its alloys. Formulas are given jp 4, 
literature (7) for type metals in which tin has been “completely 
replaced by bismuth, as much as 29 per cent bismuth being used 4 
one case. Normal type metals to which have been added gj 
amounts of bismuth, 1 to 5 per cent, seemed a more promising field for 
investigation. Additional interest in this field was occasioned by th 
statement in a private communication that the best British stereoty, 
metal contains 1 per cent of bismuth, although no reason for i 
presence of bismuth was given. 7 

For these reasons it was decided to study the effect of additions ¢ 
from 1 to 5 per cent bismuth on the properties of type metals, 4c; 
base for this work a number of samples of commercial type metj) 
were obtained and their tensile strength, hardness, elongation, freezizy 
characteristics, and resistance to compression were observed , 


. 


1. METHODS OF TEST 


Tensile strength and elongation of the type metal alloys wep 
determined on test bars, 0.505 inch in diameter, cast in a heavy sted 
mold as described for the lead-bismuth alloys. The bars were pull 
at a uniform rate, 0.5 inch per minute, as in the experiments pr. 
viously described. Hardness was determined on disks cut from th 
enlarged ends of the test-bar castings. It was recognized that tes 
bars cast in this way probably would not duplicate the tensile strengi} 
and hardness of actual linotype and monotype castings where tl 
metal is cast in thin sections and is chilled rapidly. However, th 
use of the test-bar mold approximates roughly the conditions unde 
which type metal is cast, and allows direct comparison of stereotyp 
with linotype and monotype metals which in actual practice are cast 
under decidedly different conditions. 

Solidification temperatures were obtained by means of mercuy 
thermometers. Graphite crucibles approximately 1% inches u 
internal diameter and 5 inches deep were used. Enough metal to 
cover the immersion mark on the stem of the thermometer, usually 
about 800 g, was melted and superheated to the desired degree. 
The hot crucible was removed from the furnace, placed on a bri 
or an asbestos plate, and allowed to cool in the air. Readings (i 
the thermometer were taken at half-minute intervals and the molten 
metal was stirred continuously by means of the thermometer wii 
solidfication of the melt made further stirring impossible.  Crystas 
of metal sometimes formed on the thermometer bulb, and the result: 
ant insulating action caused irregularities in the readings, but wil 
constant stirring this difficulty usually was avoided and results wer 
satisfactorily reproducible. The glass thermometers devitrilied 
fairly rapidly at temperatures over 300° C., but at least a dozen sets 
of readings ordinarily could be obtained before a thermometer Wis 
seriously affected. ie 

Many difficulties were encountered in attempts to secure satisiit- 
tory compression data. The results obtained varied widely with the 
dimensions of the specimen, the rate of loading, and the time the low 
was maintained. For a given setting of the control valve on the 
Amsler testing machine, appreciable variations in the speed of trav 
of the crosshead were observed, depending upon room temperatu, 
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mount of previous use of the machine on that particular day, and 

nv other factors which affected the fluidity of the oil. The varia- 

ions were particularly noticeable at the low speeds (0.05 inch or less 

‘or minute) used for compression tests. ‘The procedure finally 

dopted was to prepare cast rods 1% inches in diameter and about 

imehes long. ‘These were cut in a lathe to specimens 1 inch long 

iy -0.01 inch), with parallel faces, in accordance with the American 
COtMmmRociety for Testing Materials specifications for compression tests of 
Or thllliikoft metals. The cylindrical surface of each specimen was not 
machined but was left in the cast condition. A specimen was placed 

n the Amsler machine and a predetermined load slowly applied and 

eld for one minute. After the release of the load the permanent 
eformation of the specimen was measured by means of micrometer 
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Ficure 7.—Mechanical properties of type metals 


calipers. The operation was repeated with another specimen, at a 
| different load, until enough readings below 2 per cent deformation 
F were obtained to plot a curve. The method admittedly is rough, 
F but the length of time the load was maintained appears to be enough 

to neutralize variations in the rate of loading and the results could 

be duplicated with reasonable accuracy. 


2. RESULTS OF TESTS 


The composition of the type metals and the results obtained in the 
tensile strength, hardness and elongation determinations are pre- 
sented in Table 3 and in Figure 7. Monotype metals, containing 15 
to 19 per cent antimony and 7 to 10 per cent tin, are the hardest of 
the specimens studied except for the foundry type which contained 2 
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per cent copper. Stereotype metals, lower in antimony and jy ti 
than the monotypes, are less hard and of somewhat greater tens, 
strength. Linotype metals, containing 11.5 per cent antimony and 
about 4 per cent tin, are still softer and somewhat lower in tengj, 
strength. The elongation data obtained are somewhat ireg|y 
but, in general, the per cent elongation increases as the hardness and 
tensile strength decrease. Alloys 189 and 190 show that the additic, 
of 5 per cent bismuth to stereotype 185 and to linotype 186 decreas 
the tensile strength and hardness in each case. However, if a gp, 
thetic alloy (188) is made up to duplicate 189 without the arsen) 
and copper which are present in the latter, higher tensile strength gj 
hardness values are obtained. 


TaBLE 3.—Mechanical properties of type metals 
MONOTYPES 





| Composition ; | 
I Tensile | Elongation 


Pb Sb | Sn | As | strength | in 2 inches 





Description 





Per cent| Per cent) Per cent| Per cent| Per cent} Lb./in. 2 Per cenit 
76.4 15.3 8.3 Low. Low. 12, 030 4.0 
| 70. 3 19.5 10. 2 Low. Low. 11, 425 2.5 oe | 
| 70.3 19.4 10.3 | Low. | Low. 11, 500 2.0 %° 
7 16.8 Fee Soskdeccs 11, 700 3.0 3 


io. 








STEREOTYPES 








12, 380 
12, 050 
11, 190 
10, 350 




















Synthetic 185+-5 per | 


cent Bi- (No As nor Cu) } 11,470 | 





LINOTYPES 





PO eS ee Se a eee 11, 950 
11.5 | 4.4 q 11, 700 

11.4 | 3.5 . 06 . OF 10, 840 
<2 Seana 10, 400 |. 











25.0| 12 | 2.0 | 7, 390 | 2! 
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In the series of synthetic alloys which contained 10 per cent alr 
mony without arsenic or copper, the addition of 5 per cent bismut! 
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wered the tensile strength, but the addition of 2.5 per cent tin 
vereased the strength above the original value, and 5 per cent tin 
rther increased the strength. All of these additions lowered the 
lictility of the original lead-antimony alloy but the hardness was 

afected appreciably. Similar results were obtained for the 
vnthetic alloys which contained 15 per cent antimony. The addi- 
ion of 5 per cent bismuth lowered the tensile strength, but this was 
artially corrected by the addition of 2.5 per cent tin. The elonga- 
ion of the lead-antimony alloy is lowered by additions of either 
jismuth or tin but the hardness is not affected to any great extent. 
loy No. 208, which contained 70 per cent lead, 15 per cent anti- 
mony, and 15 per cent bismuth, represents one of the compositions 
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FiagurE 8.—Compression tests on type metals 


which, according to the literature, have been used as type metals. 
Its mechanical properties are decidedly inferior to those of modern 
type metals. 

The compression data (fig. 8 and Table 4), in general, run parallel 
to the hardness data. Very few of the specimens examined showed 
any signs of fracture in a compression test. Most of them begin to 
flow at relatively low pressures. At pressures above 5,000 Ibs./in.? 
the flow usually is continuous as long as the load is applied. No 
compression yield point could be obtained and true elasticity if 
present at all, exists only at very low pressures. The foundry type 
metal high in copper showed the greatest resistance to compression; 
the monotype, stereotype, and linotype metals were progressively 
‘ss resistant. The synthetic alloys were about as resistant to com- 
} Pression as the linotype and stereotype metals except for No. 208, 
which was inferior to the others in compression strength as in other 
mechanical properties. These compression data confirm the results 
obtained in other mechanical tests. 
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The cooling curves of the commercial and of the modified type 
etal alloys are shown in Figure 9. All of the type metals in the 
shsence of bismuth show the beginning of final solidification at or 
ear 242° C. The shape of the cooling curves below this point is 
fected by several factors, such as the quantity of metal present and 
he point where stirring 1s discontinued. The importance of some of 
hese factors was not fully appreciated in early experiments. Con- 
equently, some of the curves, for example No. 206, indicate the pres- 
nce of appreciable amounts of a eutectic mixture, whereas others, 
or example Nos. 185, 194, and 195, resemble the curves obtained for 
slid solutions. In all cases, solidification is complete within about 5° 

‘the point where the melt becomes decidedly mushy with precipi- 
ated crystals. The point where the alloy becomes completely 

iolten, or where crystals first appear on cooling, varied with the 
omposition of the metal. Alloy No. 197, on cooling, began to 
develop crystals at or above 300° C, which is considerably higher than 
the initial crystallization point of the other alloys. This would be 

xspected from the fact that No. 197 contains 2 per cent copper, con- 
iderably more than is present in any of the other alloys. 

Nos. 188, 189, and 190 show that the addition of 5 per cent bismuth 
o stereotype or linotype metal lowers the final solidification point, or 
ange, some 8° or 9° to about 233° C. An alloy which contained 15 
per cent bismuth, No. 208, did not begin to solidify until a tempera- 
ture of 217° C. was reached. 

In the synthetic alloys, the addition of 5 per cent bismuth lowers 
Hthe freezing point of both the 10 and 15 per cent antimony alloys 
approximately 10°. Addition of tin to these alloys lowers the freezing 
joint still further. The break in the pure antimony-lead curves 
comes at temperatures slightly higher than in the type metal curves. 

This shows the effect of the tin and other elements in the type metals, 
on the freezing points of the binary lead-antimony alloys. 


3. ADDITIONS OF 1 TO 5 PER CENT BISMUTH TO STEREOTYPE METAL 


In order to observe the effect of bismuth in more detail, additions 
of 1, 2,3, 4, and 5 per cent bismuth were made to stereotype metal 
No, 207. The effects of these additions are shown in Tables 3 and 4 
andin Figures 10 and 11. The hardness, tensile strength, and resist- 
ance to compression decrease fairly regularly throughout this range 
ofcomposition. Elongation results again are irregular, but in general 
do not change greatly with changing compositions. The apparent 
sudden rise in elongation at 2 per cent bismuth is open to question. 
_ The cooling curves for this series of alloys containing added bismuth 
(fig. 11) were made with more attention to detail than in some of the 
preceding determinations. Each curve shows three distinct points, 
(1) the change in slope of the upper portion of the curve which indi- 
cates the beginning of crystallization, (2) the abrupt change in the 
slope of the curve which indicates the beginning of final solidification, 
and (3) the point where the solidification is complete and the curve 
again becomes a straight or nearly straight line. The temperatures 
por these three points are indicated on each curve. It is evident that 
crystallization begins at temperatures of 255° to 260° C. and this 
temperature of first crystallization is not appreciably affected by the 
presence of bismuth. The beginning of final solidification, however, 

15377°—30——_9 
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The cooling curves of the commercial and of the modified type 
netal alloys are shown in Figure 9. — All of the type metals in the 
spsence of bismuth show the beginning of final solidification at or 
ar 242° C. The shape of the cooling curves below this point is 
fected by several factors, such as the quantity of metal present and 
he point where stirring 1s discontinued. The importance of some of 
these factors was not fully appreciated in early experiments. Con- 
equently, some of the curves, for example No. 206, indicate the pres- 
ence of appreciable amounts of a eutectic mixture, whereas others, 
for example Nos. 185, 194, and 195, resemble the curves obtained for 
slid solutions. In all cases, solidification is complete within about 5° 
of the point where the melt becomes decidedly mushy with precipi- 
tated crystals. The point where the alloy becomes completely 
molten, or where crystals first appear on cooling, varied with the 
composition of the metal. Alloy No. 197, on cooling, began to 
develop crystals at or above 300° C, which is considerably higher than 
the initial crystallization point of the other alloys. This would be 
expected from the fact that No. 197 contains 2 per cent copper, con- 
siderably more than is present in any of the other alloys. 

Nos. 188, 189, and 190 show that the addition of 5 per cent bismuth 
to stereotype or linotype metal lowers the final solidification point, or 
range, some 8° or 9° to about 233° C. An alloy which contained 15 
per cent bismuth, No. 208, did not begin to solidify until a temper a- 
ture of 217° C. was reached. 

In the synthetic alloys, the addition of 5 per cent bismuth lowers 
the freezing point of both the 10 and 15 per cent antimony alloys 
approximately 10°. Addition of tin to these alloys lowers the freezing 
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point still further. The break in the pure antimony-lead curves 
comes at temperatures slightly higher than in the type metal curves. 
This shows the effect of the tin and other elements in the type metals, 
on the freezing points of the binary lead-antimony alloys. 


3. ADDITIONS OF 1 TO 5 PER CENT BISMUTH TO STEREOTYPE METAL 


In order to observe the effect of bismuth in more detail, additions 
of 1, 2, 3, 4, and 5 per cent bismuth were made to stereotype metal 
No. 207. The effects of these additions are shown in Tables 3 and 4 
andin Figures 10 and 11. The hardness, tensile strength, and resist- 
ance to compression decrease fairly regularly throughout this range 
ofcomposition. Elongation results again are irregular, but in general 
do not change greatly with changing compositions. The apparent 
sudden rise in elongation at 2 per cent bismuth is open to question. 

The cooling curves for this series of alloys containing added bismuth 
ig. 11) were made with more attention to detail than in some of the 
preceding determinations. Each curve shows three distinct points, 
(1) the change in slope of the upper portion of the curve which indi- 
cates the beginning of crystallization, (2) the abrupt change in the 
slope of the curve which indicates the beginning of final solidification, 
and (3) the point where the solidification is complete and the curve 
again becomes a straight or nearly straight line. The temperatures 
lor these three points are indicated on each curve. It is evident that 
crystallization begins at temperatures of 255° to 260° C. and this 
temperature of first crystallization is not appreciably affected by the 
Presence of bismuth. The beginning of final solidification, however, 
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jecreases regularly as bismuth is added, from 243° C. for the original 
type metal to 235° C. for the alloy which contained 5 per cent bis- 
muth. The freezing range is affected to a still greater extent. The 
riginal stereotype metal is solid at 237° C., 6° below the point of 
nitial solidification. When 5 per cent bismuth is added solidification 
begins at 235° C., and is not complete until the temperature drops 
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Ficure 10.—Effect of additions of bismuth on the mechanical properties 
of a stereotype metal 


to 222° C., a range of 13°. This effect of bismuth also is evident in 
_ the gradual rounding off of the shoulder of the solidification arrest, as 
the bismuth content Increases. 


4. DISCUSSION OF RESULTS 


Data and curves have been prepared to show the mechanical 
properties of several type metals and of the effects of additions of 
p bismuth on these properties. It is evident from these data that addi- 
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tions of bismuth tend to decrease slightly the tensile strength, hard. 
ness, and resistance to compression of type metals. However, in tj, 
preparation of these alloys it appeared that when bismuth was presen 
the castings filled the mold more completely. In other words, j 
appeared that the “casting properties” of type metals, perhaps, wer 
improved by the presenceof bismuth. Type metals nowin use produc 
remarkably good castings, but further improvement is possible 

this apparent improvement in casting properties could be definitely 


1 
UF 


“ n ”' a ” " m 





+/% 8B: C209)\ 


—— +27. 8: (12/0) 


c 


wy 
5 
& 
& 
&y 
Q 
5 
K 











v v v v 


TIME MINUTES 


FicvrE 11.—Effect of additions of bismuth on the freezing point of a 
stereotype metal 


established, it might easily be of greater importance than the relatively 
slight decrease in mechanical properties which accompanies the add: 
tion of bismuth. This question could be settled much better in actus! 
printing tests than in the laboratory, and arrangements have bee! 
made with the Government Printing Office to run a series of tests (0 
compare the performance in extended printing runs of standart 
stereotype castings and of the same metal with 1, 2, 3, 4, and 4 pe! 
cent bismuth added. This program has been started and will be 
reported at a later date. 
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The possibility of improved casting properties, including changes 
» the freezing characteristics, has suggested the possible addition of 
‘smuth to linotype and monotype metals where casting properties 
pnd 


performance in the casting machine are of paramount importance. 


V. FUSIBLE ALLOYS 


Fusible alloys which melt at about the temperature of boiling water 
sually consist of bismuth, lead, and tin. The addition of a fourth 
metal, cadmium, produces metallic alloys which are completely 
nolten at temperatures considerably below the boiling point of water. 
These melting points are unusually low for metallic alloys and have 


Biirected attention to these alloys, chiefly as curiosities. The litera- 


ure of these fusible alloys has been reviewed in a recent publication 
(14), but there is little information available regarding properties 
other than the melting points. In addition, there is considerable 
confusion and contradictory testimony regarding the melting points 
of the alloys, and particularly regarding the minimum melting 
wssible in the quaternary system bismuth-lead-tin-cadmium. 
Parravano and Sirovich (12) in 1912 found that the composition 
of the quaternary eutectic was 49.5 per cent bismuth, 27.27 per cent 
lead, 13.13 per cent tin and 10.10 per cent cadmium. They reported 
that this eutectic melted at 70° C. Hommel (13) in 1921 reported 
the eutectic composition to be 50 Bi: 27 Pb: 13 Sn: 10 Cd with the 
eutectic arrest at 66° C. The quaternary eutectic by definition 
must be the lowest melting alloy in the quaternary system, but in 
spite of the evidence of Parravano and Sirovich and of Hommel melt- 
ing points of about 60° C. are still reported for some of these alloys. 
The freezing point curves shown in Figure 12, confirmed the state- 
ment of Parravano and Sirovich, that 70° C. was the minimum melt- 
¢ point for alloys of this quaternary system. ‘These curves were 
obtained as follows: About 1,000 g of the alloy in question was 
melted in a graphite crucible approximately 1 inches internal dia- 
meter by 5 inches deep. This supplied a pool of molten metal deep 
enough to permit immersion of the thermometer to the proper depth. 
The molten metal was superheated to any desired degree and was 
removed from the source of heat and allowed to cool in the air. Dur- 
ing cooling the melt was stirred constantly by means of the thermom- 
eter. Temperature readings were taken every 30 seconds and stir- 
rng was continued until the mass became almost entirely solid. It 
was noted that failure to stir or cessation of stirring produced low 
readings, from 1 to 2° lower than they should have been. In the 
curve shown for the eutectic alloy No. 202, Bi 50; Pb 26.7; Sn 13.3; 
Cd 10, the drop from the 70° flat to the 69° flat marks the cessation 
ol stirring. This effect presumably is due to the insulating action 
of crystals which form on the thermometer bulb and which are 
mechanically removed during stirring. Incomplete immersion of 
the thermometer stem also tended to produce low readings and the 
combination of these two factors may account for some of the melting 


F points lower than 70° C., which have been reported. 


Parravano and Sirovich’s conclusions are confirmed by this cooling 
curve. The eutectic composition, or at least the close approach to 
futectic composition, is shown by the absence of a solidification 
tunge. No solid crystals were detected until the temperature had 
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dropped to 71° C. The melt became completely solid at 70° to gy: 
C. and no further arrests appeared on cooling to 45° C. If the con, 
position varies somewhat from the eutectic values, as in alloy \, 
202 “off composition” in which only the cadmium varies from th 


eutectic proportions, most of the solidification still occurs at 70° ¢ 
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as shown in the second curve in Figure 12, but the curve shows the 
appearance of a solidification range beginning at 75° C. If the 
composition deviates still further from eutectic values, as in te 
third curve for alloy No.°214, Bi 50; Pb 20; Sn 21; Cd 15; crystas 
will begin to appear at about 90° C., solidification begins at 80° ©. 
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i 75° C. it is no longer possible to stir the semisolid mass, and 
olidification is complete at 70° C. This particular composition was 
udied as it was reported (11) to melt at 126° F. or 52°C. The 
ourth curve of the series shows the effect of the addition of 10 per 
ent, by weight, of mercury on the melting point of the eutectic 
loy No. 202. This amount of mercury lowers the solidification 
point to about 66° C. It will require, therefore, appreciably more 

an 10 per cent mercury to lower the melting point to 60° C. 

Some of the mechanical properties of Parravano’s eutectic alloy 
Wood’s metal) and the effect on these properties of the addition of 
0 per cent of mercury to the alloy are shown in Table 5. 


srinel | : Py eee 
a | Elongation | Solidifica- 
‘ ** | in 2 inches | tion point 

» ' = 
number | | 


Tensile , 
strength | 


. | 
Lb./in. 2 | Percent | gt eS 





| Bi 50: Pb 26.7: Sn 13.3: Cd 10.......--- 5, 990 9.2 | 140 7 
No. 202 + 10 per cent Hg. ._-..-.--..------ 5, 970 | 8.9 8 | 
Aged 6 weeks at room temperature 6, 000 | 10. 0 | 42.5 


66 





These mechanical properties were determined on cast test bars, 
0.505 inch in diameter, and each figure given in the table is the 
average of three determinations. The data show that the tensile 
strength of the eutectic alloy is not appreciably affected by the 
addition -of 10 per cent mercury, although the Brinel!l hardness, per 
ent elongation, and solidification point all are lowered. Cne of the 
test bars of No. 202 alloy exhibited remarkable elongation. With 
the testing machine set for 0.5 inch per minute free travel, the test 
bar stretched without breaking until the limit of travel of the 
machine was reached. The original 2-inch gage length was stretched 
jout to more than 6 inches. Such elongation is unusual in an alloy 
which approaches eutectic composition. This alloy apparently 
could be drawn to wire without difficulty. The data also indicate 
that the addition of mercury produces susceptibility to aging. Six 
weeks aging at room temperature did not affect the tensile strength 
of the alloy which contained mercury, but increased the hardness 
somewhat and decidedly decreased the elongation. 


VI. SUMMARY 


Lead-bismuth alloys.—The tensile strength, Brinell hardness, and 
elongation of lead-bismuth alloys containing from 1 to 50 per cent 
bismuth were studied. Bismuth hardens lead alloys, throughout the 
range of composition studied, except for some irregularity in the 
region of maximum solubility of bismuth in solid lead. Lead- 
bismuth alloys are softer and tougher than alloys which contain 
corresponding amounts of antimony. This is shown by the fact 
that lead-bismuth alloys containing 12 per cent bismuth or less, 
Were readily rolled to sheet one-thirty-second inch thick. Neither 
s «ge hardening nor susceptibility to heat treatment could be detected 
in the alloys which contained less than 20 per cent bismuth, perhaps 
because the bulk of the samples was too great for satisfactory response 
We heat treatment. However, the alloys which contained more than 
30 per cent bismuth show some effects of heat treatment. 
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Lead-tin alloys.—The tensile strength, hardness and clongatic, 
of lead-tin alloys, containing from 5 to 50 per cent tin, have been 
determined. The data show that the hardening and stiffening actiy) 
of tin toward lead is of the same order of magnitude as that of bismuth 
toward lead. An interesting feature of the data is the uniformi, 
of properties of the alloys containing from 30 to 40 per cent tin, * 

Type metals.—The tensile strength, hardness, elongation, resistance 
to compression, and solidification characteristics of a number of type 
metals, with and without additions of bismuth, have been deie:. 
mined. Additions of bismuth tended to decrease slightly the tensile 
strength, hardness, and resistance to compression of the alloys 
Additions of bismuth also modified the solidification characteristics 
of the alloys, and some indications of improvement in casting prop. 
erties of the alloys were observed. Additional experiments hay 
been started to see if these two factors are important enough to offs: 
the slight softening effect of bismuth on the alloys. 

Fusvble alloys.—The conflict of evidence in the literature, regarding 
the minimum melting point obtainable for fusible alloys of bismuth, 
lead, tin, and cadmium, is reviewed briefly. Cooling curves are 
presented to confirm the conclusions of Parravano and Sirovich 
that 70° C. is the minimum melting point for these quaternary 
alloys. Melting points lower than 70° C. can be obtained by the 
addition of mercury to the alloys, but in the absence of mereury 
quaternary alloys of bismuth, lead, tin, and cadmium do not melt 
below 70° C. Minor changes in composition of the quaternary 
eutectic alloy affect the freezing range more noticeably than they 
affect the final solidification point of the alloy. Unusual elongation 
values were observed in the case of the quaternary eutectic alloy. 
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\ STUDY OF THE ADSORPTION OF SULPHURIC ACID BY 
LEATHER 


By John Beek, jr. 


ABSTRACT 


The adsorption of sulphuric acid from water solutions by a vegetable-tanned 
steer-hide leather is measured for concentrations ranging from 0 to 1.44 molal. 
Considering the adsorption as the sum of two effects (1) the effect of the chemical 
reaction of the sulphuric acid with the leather, and (2) the effect of the difference 
in concentration of sulphuric acid between the surface and the body of the 
solution, an expression is derived giving the quantity adsorbed as a function of 
the concentration. 


CONTENTS 
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Il. Experimental part... ...........--- 
III. Diseussicn of results 
IV. Conclusion 


I. INTRODUCTION 


In the course of a study of the effect of sulphuric acid on the life 
and properties of leather, it was found that a knowledge of the limit- 
ing vcen tale ratios between sulphuric acid and the leathers employed 
would be of use in explaining the results obtained. No data could 
be found in the literature giving the quantity of acid adsorbed by any 
vegetable-tanned leather at concentrations great enough to give the 
equivalent weight of the leather." This research was carried out in 
order to determine whether the results of an adsorption experiment 
would give a definite value for the equivalent weight of a leather. 

The usual method of measuring pdaeptin, which consists in meas- 
uring the change in the concentration of a solution put in contact 
with the adsorbent, involves the determination of a small difference 
between two large quantities; that is, the total quantities of solute 
present in the solution before and after adding the adsorbent are 
determined, and the difference between these taken as the quantity 
adsorbed. As the equilibrium concentration is usually determined 
ina sample pipetted from the solution, the error is multiplied by the 
factor used to give the total quantity of solute in the solution. 

A more direct method of measuring adsorption was used in this 
work. The quantity of solute in the part of the system immediately 
associated with the adsorbent was determined; the quantity of solute 
which would be present in that part of the system if there were no 
5 «dsorption was calculated from the weight of solvent present there and 
the equilibrium concentration of the solution; and the difference 
between these quantities was taken as the amount adsorbed. 





| ‘See J. A. Wilson and A, W, Bear, J. Ind. Eng. Chem., 18, p. 84; 1926, 
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II. EXPERIMENTAL PART 


Commercial vegetable-tanned steer-hide leather was selected for 
these experiments. From each of two bends of the same tannage , 
strip, approximately 12 inches in length and 4 inches in Width, Wis 
cut lengthwise of the bend, beginning at a point approximately 3 
inches from the root of the tail and 16 inches from the backbone 
These pieces were analyzed for moisture and water-soluble matter 
by the official methods of the American Leather Chemists’ Agsovig. 
tion, and for total sulphur by oxidizing a sample with nitric g¢j 
and then determining total sulphate gravimetrically by the bariyy 
sulphate method. The results of these analyses are given in Table} 
The moisture is in per cent of the air-dry leather, the others in po 
cent of the dry leather. ‘ 


TABLE 1.—Results of analyses of the leather used 





| Total sul. 


Hy 


Water-sol- 


is ¥ 
Moisture | able matter! } 


Per cent Per cent Per 
ea ee ee Operon og et oy 10.0 18.9 


Rg 5 vin maticnianieeiniatick aie mieuedin aides : Seale genet 10.0 | 17.2 








Twenty-four samples were cut from the two strips and used for 
determining the adsorption of sulphuric acid from solutions varying 
in concentration from 0 to about 12 per cent H,SO,. The solutions 
were prepared by pipetting from a gravimetrically analyzed solution 
of sulphuric acid. 

A sample of leather weighing between 4 and 8 g was placed ins 
weighed beaker containing a known weight of sulphuric acid in about 
300 ml of solution, and allowed to stand with occasional stirring : 
room temperature for 40 hours. At the end of this time the beaker, 
with the solution and leather, was weighed. As much of the solution 
as would easily drain was then poured off, and the beaker, with th 
leather and remaining solution, was weighed again. The total sulphu 
in the leather and the remaining solution was then determined as 1 
the analysis of the leather, and calculated as H,SO,. The procedur 
was the same for each of the samples. 

In order to determine the time required for such a system to com 
to equilibrium, a series of determinations of adsorption was made 0 
a similar leather, at an acid concentration of about 0.3 m. Tli 
solutions were allowed to stand in contact with the leather sample 
for periods ranging from one-half hour to 200 hours. After two hous 
the system had reached equilibrium, as measured by these determi: 
ations. The values for X, the millimols of H,SO, adsorbed per gral 
of leather, are given in Table 2. 


TaBLE 2.—Variation of measured adsorption of HzSO, on leather with time 
standing 





| 
Time in hours | x || Time in hours | xX 
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) Millimols/g | Millimols/g | 
ae OTe? fe 262222 : | 0. 262 | 
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100 . 258 
200 eer y= 271 | 
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As the leather used in this experiment contained about 0.8 per cent 
tal sulphur, calculated as H,SO,, it was necessary to subtract a 

Jank from the determined value of the total sulphur remaining in the 
yeaker, in order to obtain the weight of sulphuric acid derived from 
he solution. This blank was calculated from the weight of BaSO, 
sbtained from the sample to which no acid was added, under the 
sumption that it was proportional to the weight of dry leather. 
‘he use of this assumption probably introduced a large error, as the 
alculated value of the blank might be in error by as much as 0.1 per 
ent of the weight of dry leather. 

In order to find the weight of water remaining with the leather 
{ter the solution was poured off, it was necessary to know the weight 
{that part of the soluble matter in the leather which was poured off 
with the solution. ‘To determine this, the solution poured off was 
pvaporated to dryness with an excess of ammonium hydroxide, and 
he residue was weighed. ‘This residue was made up of two parts: 
he dissolved solids from the leather, and the ammonium sulphate 
lerived from the sulphuric acid present. The weight of H,SO, in 
he solution poured off was (A— 8B), where A stands for the weight of 
SO, added to the leather, and B for the weight of H,SO, remaining 
‘ith the leather. The weight of (NH,),SO, equivalent to this is 
Mado A—B). Then S, the weight of dissolved solids, was 

2 4 

ound by subtracting this weight of (NH,).SO, from the dry weight of 

he residue. 

Some difficulty was experienced in drying the ammonium sulphate 
o constant weight. A series of determinations was made to de- 
ermine the accuracy of the method, using 120° C. as the drying tem- 
perature. Samples containing from 0 to 2.5 g H.SO, and from 0 to 
26 g dissolved solids were dried, the weights being taken on three 
uecessive days. It was found that the ammonium sulphate lost 
about 8 mg per day after the water was driven off. The weights 
pbtained on the second day, after which there was no rapid change, 
pave results none of which were in error more than 4 mg. Drying at 

100° C. gave better results as the rate of loss of ammonium sulphate 

vas lower, but with samples containing more than 3 g H,SQ, too 
uch ammonium sulphate was lost before all the water was driven 


The weight of leather remaining in the beaker after the solution is 
poured off is then (L—S), where L is the weight of the sample of 
eather. If Dis the weight of material in the beaker after the solution 
is poured off, D— B—(L—S) is equal to the weight of water included 
in this material. The ratio of the weight of acid to the weight of 
vater in the solution at equilibrium is found by dividing (A— B), the 
veight of acid poured off, by (C-D)—(A—B)-—S, the weight of 
water poured off, where C is the weight of the entire system at equi- 
uibrium. Then the weight of acid which would remain with the 
leather if there were no adsorption may be calculated by multiplying 


D-—B-(L-S), for the 





he ratio 


(C=D)—(A—By-s_ Y 
reason that equal weights of acid would be associated with equal 
weights of water. Thus the weight of acid adsorbed is the difference 
p_(D-B-L+S8) (A—B) 


C-D-A+B-S_ 
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The weight of sulphuric acid adsorbed by the leather is defined ,, 
the difference between the weight of acid remaining with the leath 
and the calculated weight of acid which would remain if the leathe 
had no effect on the solution. The calculation of this last weight ; 
based on the known weight of water remaining with the leather, gp; 
the ratio between the weight of acid and the weight of water in th 
solution at the equilibrium concentration. 

This definition does not take into account any distinction betwee, 
chemical combination and strictly physical adsorption, but there 
so much confusion in the literature concerning the use of this tery 
that it will be used here in its most general sense. 


am of feather 
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Figure 1.—The adsorption of H»SO, on leather (x) shown as the sum of two 
effects—a,, chemical combination, and x; adsorption due to the surface tension 


effect 


The quantity which is desired is X, the number of millimols 0 
acid adsorbed per unit weight of dry insoluble? leather. This is ct! 
culated from the formula 


xn zit pl 2 (D+S—B-—L) (A-B) 
~~ 98.1L0L0-Py" (C€—D-—S-—A+B) 


in which P is the fraction of the leather dissolved by the procedure 0: 
analysis for water-soluble matter. 

The experimental results for X are given in the following table ani 
graph. (Fig. 1.) The accompanying calculated values will be ds 
cussed later in connection with the development of the theory. 


———— 








2“ Insoluble leather” will be used to denote that part of the leather which is not dissolved by the process 
of analysis for water-soluble matter. 
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—Observed (X) and calculated (X,) values of the millimols of H2SO, 


ABLE 3. adsorbed per gram of dry insoluble leather 





Molality Molality 





0. 0022 
. 0047 
. 0112 




















Some idea may be obtained of the probable error of a single obser- 
ation at the concentration 0.3 m by using the values in Table 2, 
xcluding the first two. The figure obtained is 0.005, which indicates 
hat the values for X are significant to only two decimal places, as 
he limiting error is probably about 0.02. 











III. DISCUSSION OF RESULTS 


As the concentration of sulphuric acid is increased from zero the 
juantity, X, increases rapidly to a value of about 0.2 at a concen- 
ration of 0.05 molal. Further increase of concentration causes less 

crease in .X, a maximum value being reached at a concentration of 
mbout 0.2 molal. With still further increase of concentration, X de- 
reases, at first slowly and then more rapidly. 

A consideration of the factors influencing equilibrium in the 
ystem offers three possible explanations for the adsorption. 

1. The adsorption of ions on the surface of the leather, forming a 
lelmholtz ‘‘double layer.” 

2. The adsorption of acid due to change in surface tension with 
hange in concentration of acid. 

3. Chemical combination of the acid with the leather. 

Because of the necessity for uniformity of electrical potential 
hroughout a solution at equilibrium (except where molecular mag- 
hitudes are considered) the first and third explanations become 
e ane in effect, so consideration may be limited to the second 
and third. 

J. Willard Gibbs* derived an expression for adsorption dueto 
hange of surface tension with change of concentration, which, for 
onstant temperature and pressure, may be put in the form 


__@ dy 
U= — BT da (1) 


Where a is the activity of the solute, 7 is the surface tension of the 

olution, and w is the number of mols adsorbed per unit surface. 

» From the measurements of J. Livingston R. Morgan and Clarke 
E. Davis‘ the following data for the surface tension of sulphuric acid 
solutions at 25° C. are obtained. 


* Trans. Conn. Acad., 8, p. 439; 1876, 4J. Am. Chem. Soc., 38, p. 559; 1916. 
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| Molality | 0.00 | 0, 50 1, 00 | 2. 00 3. 00 
Smee 


‘Scheie aeons, | -— = 


, 
y(S222) nae 71.90 | 72,02 72. 54 78. 26 
"\ em | 
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If it is assumed that the surface tension at a leather-solution inte. 
face varies with the concentration in the same way that it does at » 
air-solution interface, it is seen from Gibbs’ formula that adsorption 
due to the surface-tension effect is negative throughout the range 


of concentration covered in this investigation as +4 is positive, Thy 


positive adsorption found must then be explained by the chemic 
combination of acid with the leather. 

In order to express the quantity of chemically combined acid 9, 
convenient function of the equilibrium concentration, some assum. 
tion must be made as to the reaction involved. it i 


assumption need be made as to the mechanism of the adsorption, 
The product of the activity of sulphuric acid and that of «he rey. 
tive groups in the adsorbent is proportional to the activity of th 
reaction product, the constant of proportionality being the diss. 
ciation constant, K, of the compound. Let W be the weight of a/. 
sorbent containing reactive groups sufficient to fix one mol of acid, X, 
the millimols of acid fixed per gram of adsorbent, and a the activity ¢ 
H.SO, in the solution. Then ; 


1 r.¢ 1 Xi 
a a-Taa) -ak (5340 


where a is a factor representing the ratio of the molecular activiyf 
coefficient of the reaction product to that of the reactive grou. 
This gives 

ee 1,000a 

“lW (a+a K) 

As no data are available giving even the order of magnitude of tle 
quantity a in this equation, no use can be made of the equatin 
unless a is assumed to be a constant or some simple function of J) 
and a. In order to put the equation in a usable form, a simple ap 


. . . ° . a. 
proximation will be used—it will be assumed that = is constant 


B 
a Lu 5 : P 
where = at the equilibrium concentration, m. Writing / ia 


64 


B K, this gives 
1,000 m 
Wnt h) 

This expression takes the form of Langmuir’s adsorption isotherm! 
as was pointed out by D. I. Hitchcock.® 


— 





5J. Am. Chem. Soc., 48, p. 2870; 1926. 
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It should be noted here that if water is considered to be eliminated 
between the protein and the acid by the reaction, that the measured 
alues of the total adsorption are slightly in error, due to the resulting 
crease in the weight of water remaining with the leather. This 
orrection is equal to 


H,O - ) 
1,000 \C—D—A+B-S 


ind thus for these measurements would amount to about 0.4 per cent 
{the combined acid. This figure could have very little significance 
this work, so no further consideration will be given to its possible 
effect. 
th case the adsorbent is a gel such that the solution is diffused 
rough it, the value of the adsorption obtained is lower than the 
quantity which has been removed from the solution by reacting with 
he adsorbent or by increasing the concentration at its surface. 
1is is due to the fact, as Wilson® has pointed out, that the con- 
entration of free acid is less in the gel than in the surrounding solu- 
ion, as a result of the ionization of the salt formed. The system is a 
special type involving the Donnan membrane equilibrium. The 
effect is the same whether or not water is eliminated by the reaction, 
as 1 mol of hydrogen ion is removed from solution for each mol of 
acid reacting in either case. 
A precise expression for this effect can not be formulated in terms 
of measured quantities, because the activities cof the substances in 
the gel are not known, and apparently can not be measured by 





smethods known at present. It may be of interest to derive an 


expression under the assumptions used in developing the Procter- 
Wilson theory of swelling,’ these assumptions being that the electro- 
lytes involved are completely ionized and that all activities are equal 


= to concentrations. Let m’ be the molality of free acid m the gel, 


and Y be the grams of water swelling 1 g of the adsorbent. Then, 
as the product [H+] [HSO~-,] is the same in the gel and in the free 
solution 


m? =m’ (m’ + 3) (5) 
Y being the molality of HSO~, ion derived from the protein salt. As 
the measurement of adsorption is based on the total sulphate present, 
;, the spparent adsorption due to the membrane equilibrium effect, 
will be determined by the difference in concentration of free acid 
multiplied by the weight of water swelling 1 g of adsorpent, or 





Xy= Y (mn’—m)= ~ mY -3+4/(5) +m 6) 


_ The weight of water taken up by a piece of leather in an acid solu- 
tion is known to be small in comparison with that taken up by collagen, 
this lack of swelling being a criterion of the completion of tanning. 
There Seems to be no way, however, to measure just how much 
water is intimately associated with the leather, as this measurement 


(nsintnsieaatiataiesinstees 


WJ * © Wilson, The Chemistry of Leather Manufacture, 1, p. 142. 
J, Am. Chem. Soc., 40, p 886; 1918, 


15377°—30——10 
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requires a distinction between solution swelling the leather, and gj 
tion which is present between the fibrils of the leather. The sa “ 
difficulty is found in the case of collagen, but as the magnitude o 
the swelling is so much greater, the error introduced by the mechas 
ically included solution is not so serious. x 

In view of the fact that the swelling of leather is small, the effect 
of swelling on the measurements of adsorption will be neglected jy 
this work. 

The approximate expression for the combined acid, then, is in the 
form X,= Ward - This represents the experimental data fairly wel 
up to a concentration of about 0.4 molal, but it will not explain any 
decrease in adsorption with increasing concentration. 

It becomes necessary, then, to combine the chemical reaction an( 
surface-tension effects in order to derive a satisfactory expression 
from the explanations considered. 

Let X,=the number of millimols of H,SO, adsorbed by the surfae 
tension effect per unit weight of leather. 

Let o=the specific surface area of the leather. 


Then ats = on, and, substituting the value of yu given in equation (1 
? 


A curve giving values of a a for values of m up to 2.2 was obtained 
by measuring graphically the slope at various points of the cure 
vy=f (log a). The values of y at 25° C. were taken from the above. 
mentioned data of Morgan and Davis,’ and the values of a from th: 
table of activity coefficients for sulphuric acid at 25° C. given by 
Lewis and Randall.® 

The expression which will be used to calculate the equivalent 
weight of the leather is 

~xX¥ 4 xX,—~1000m _1,0000 | dy 
X=Xit Ma Wintk) RT * da 

As the surface tension data used are expressed in dynes per centi- 
meter, corresponding to ergs per square centimeter, the constant 2 
is expressed as ergs divided by temperature, or 8.32 X 10’ ergs/deg. 
The thermodynamic temperature was approximately 298°. 

Approximate values of the constants of the equation were obtained 
from three experimental values, and these were corrected by successive 
approximations. The constants were found to have the following 
values: 


\\ 


W =4.29 x 10?; k=0.0065; o=1.79X 10" 


The values of these constants would be expected to vary with the 
type of leather and with the acid used. W and o would depen 
on the nature of the tanning material and on the degree of tal 
nage,” and k would depend also on the particular acid used. 

The values of X calculated by inserting these constants in tle 
above equation are tabulated with the experimental results. 





8 See note 4, p. 1113. 
® Lewis and Randall, Thermodynamics, first ed., p. 357, 
10 See footnote 1, p. 1109. 
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The agreement between the observed and calculated values is 
sistent With the conclusion that the theory under which the 
culations were made represents approximately the actual mech- 
ism of the adsorption. This does not imply that the theory is 
oved, but merely that it may be used as a working basis. _ 
Returning to the consideration of the approximate expression for 
be apparent adsorption due to the ionization of the protein salt 
med, it may be seen that the assumptions under which it was 
rived limit its application to systems containing a highly ionized 
;onobasic acid and an adsorbent which is much swollen by water. 
ne system collagen-hydrochloric acid-water fulfills these conditions, 
nd the expression may be tested out by its application to this 
stem. 

Kubelka and Wagner " measured the adsorption of hydrochloric 
id on collagen, and the amount of solution swelling the collagen 
t concentrations up to about 1 molar. They used air-dry hide 
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Figure 2.—The swelling of hide powder in HCl solutions 

From data of Kubelka and Wagner. 


powder containing 12.6 per cent moisture; all concentrations were 
expressed as millimols per cubic centimeter of solution, which cor- 
esponds closely to molarity. 

The notation used by Rubelka and Wagner has been changed to 
make it consistent with that used above. 

The data which will be used are the following: C,, the initial 
oncentration of the solution into which the hide powder was intro- 
duced; h, the air-dry weight of the hide powder; C;, the concentration 
{ the solution in equilibrium with the hide powder; and V’, the 
volume of solution taken up by 1 g. of air-dry hide powder from 
100 ce of a solution of given initial concentration. The adsorption 
in millimols per gram of dry hide powder was calculated from the 


formula 


X=F (1 —0.126) 1—0.126’ 





the last term being introduced as a correction for the water in the 
hide powder. A curve (fig. 2) representing the volume of solution 





" Kolloid-Zeit., 46, p. 107; 1928. 
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taken up by 1 g of hide powder at given equilibrium Concentration, 
was obtained by successively approximating the quantity of ged 
adsorbed from the solution by the hide powder present. The de 
sired values of V were read from this curve. 
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Figure 3.—The adsorption of HCl on collagen 
From data of Kubelka and Wagner. 


The expression given previously for X; is not in a desirable fom 
for use in this connection. Substituting V for Y and QC, for m, and 
putting X= X,+ X3, we get 

OVX 


Ai A+ FOV 


This does not take into account adsorption due to the surface tensia 
effect, but the results obtained later indicate that this may b 
neglected in this case. . 
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FicurEe 4.—Showing the quantity of HCl combined with collagen 
From data of Kubelka and Wagner. 


The values of X and X, obtained in this way are shown in Figures 
3 and 4 plotted as ordinates against corresponding values of () 
abscissas. In Figure 4 is given a curve showing values of .X; calc: 
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1,000 C, ‘a ; 
ted from the formula X= 960(C, + 0.0033)" (See equation (4).) 
e agreement between the corrected observed values and the cal- 
lated values may be seen to be very close. It may be noted that 
is gives 9.7 X 10° as a provisional value for the equivalent weight of 
gen. 

3 constants in the expression for X, may be used to calculate 
slues of X from the formula 


ane” 1,000 C,_ : =a 
= Ait 43 (2)(969) (CG; +0.0032) 


1,000 C, 2 es 
¥ V | eyoans(c, + 0.0083) +(QiV). (10) 


he smooth curve through the points representing X on the graph of 
icure 3 was obtained from this formula. 
The results obtained by the application of the above-derived for- 
ulas should be compared with the best calculated values obtained 
y a continuation of the reasoning used by Kubelka and Wagner in 
heir discussion of their experimental results. This comparison may 
be made by deriving an expression for X in terms of C;, following their 
ethod of calculating corrected values of the adsorption, and testing 
he agreement of values given by this expression with their results. 
First they calculate values of X without correcting for the water 
troduced into the system with the hide powder. Then they correct 
hese values on the basis of two assumptions—that the swelling per 
ram of a quantity of air-dry hide powder introduced into a given 
lume of HCI solution of a given concentration is independent of 
he quantity of hide powder inserted; and that the material which 
wells the hide powder is simply water and not acid solution. Thus 
hey have X= — oe G), and X’=X+ C,V’, where X’ is the cor- 
ected adsorption per gram of air-dry hide powder, and V’ is the 
olume of solution taken up by 1 g of air-dry hide powder when put 
a solution of the same initial concentration as that used for the 
determination in question. They then plot these corrected values of 
adsorption against corresponding corrected concentrations. These 


= Li 
orrected concentrations are given by or =&: aoe 





C, V 











ABLE 4.—Adsorption results for hydrochloric acid on hide powder as corrected by 
Kubelka and Wagner 





| c’ x’ x’ 





2. 213 
. 0249 1, 308 3. 897 
. 0404 1.493 |! 7. 441 
. 0642 1, 762 


| 
| 











| 
| 
0. 0027 | 0. 656 


Putting X’=6(C’)", the Freundlich absorption isotherm, we may 
find the most probable values of the constants for the given data by 
applying the method of least squares to the equation 


logio X’ =logio b +n logio C’. 
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(Vol § 


The constants were found to have the values b= 6.651 and n=(04254¢ 
Then : 





\ 


C,(100 —hV’)] 98280 
X= X’—C, V’=6.651 | — —Q,V’ 
. : 100 aay ll 
The values of X given by Kubelka and Wagner are plotted in Figur; 
as ordinates against corresponding values of C, as abscissas. Thy 
curve in Figure 5 represents X as a function of C, as calculated fro, 
the above expression. 
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Figure §.—The adsorption of HCl on collagen 


Data of Kubelka and Wagner. 


The authors point out that instead of falling on a straight line, tht 
logarithmic plot of their corrected results forms two straight lines 
no explanation of this discontinuity of slope being given. Calculi- 
tions were made to determine how well this broken line respreset 
the data, the procedure being the same as for the single line, ex¢e)! 
that two formulas were used, the point of division being at O’ = 0.1071. 
The resulting curve is shown as a dotted line in Figure 5. 
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The agreement between the observed values of X and X, and those 
lculated from the expression derived from theoretical considerations 
srifies the prediction made by Wilson and Wilson” that theoretical 
eatment would give a more satisfactory expression for adsorption 

hydrochloric acid on proteins than the empirical “adsorption 
otherm” due to Freundlich. 

The results obtained indicate that for the purpose of work on 
jsorption, leather may be considered as a solid presenting a definite 
rface to a liquid, and that collagen in equilibrium with acid solu- 
ons may be considered as a gel which is completely permeable by the 
jution. The expressions which have been developed giving the 
dsorption as a function of the equilibrium concentration may then 
» used to determine constants giving provisional values for the 
quivalent weight of the leather or the collagen. These provisional 
alues may have to be changed to be consistent with new data, but 
hey may be used as working values at present. 


IV. CONCLUSION 


1. The results obtained substantiate the theory that sulphuric 
cid reacts with the proteins of leather. 

2. The equivalent weight, as a base, of the commercial vegetable 
anned steer-hide leather used in this study was 4.3 X 10°. This refers 

) the reaction of this particular leather with sulphuric acid. 

3. The Gibbs adsorption equation has been applied with reasonable 
pccuracy to the adsorption on this leather of sulphuric acid from water 
olutions. 

4. The specific surface of the leather was of the order of magnitude 
{ 10’ square centimeters per gram. 


Wasnineton, April 13, 1930. 


2 See footnote 7, p. 1115. 
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A STUDY OF THE SO-CALLED ‘“ OVERREDUCED” 
CONDITION IN MOLTEN STEEL 


By J. V. McCrae,! R. L. Dowdell, and Louis Jordan 


ABSTRACT 


A study was made of four heats of acid electric steel for castings in which two 
bats were in the so-called ‘‘overreduced”’ state while the others were in the 
ymal condition as made according to general practice. The two types were 
vestigated as regards temperature of the molten metal, structure, and physical 
,d chemical properties. 

The lower fluidity or ‘“‘runability”’ of the overreduced (overdeoxidized) steel 
anifests itself in a short ‘‘filming-over time” with the melters’ spoon test. 
his is apparently caused by the rapid formation of silica, which rises from the 
| because of the addition of excess metallic silicon to an oxidized steel. This 
renomenon may also be the cause of incorrect judgment of its temperature, 
nce its emissivity is higher than that of a clean liquid steel surface, 
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I. INTRODUCTION 


This investigation of the so-called “‘overreduced”’ condition in acid 

eel as made in the electric furnace for castings was undertaken by 
he National Bureau of Standards in cooperation with The Steel 
astings Development Bureau and followed the conclusion of the 
hajor phases of an earlier cooperative program on the cause of low 
ductility in certain plain carbon steel castings.’ 

It appeared probable that the two investigations might supplement 
ach other to some extent. The overreduced condition has been said 
0 result from, or be accompanied by, an excess of silicon or other 
itrongly reducing agent in the liquid steel. The results of the earlier 

vestigation on low ductility pointed to aluminum, also a strong 
ducing agent which was added to the liquid steel at the time of 





1 peceased. Formerly research associate of Steel Castings Development Bureau. 
ee ~ rae and R. L. Dowdell, Preliminary Studies of the Effect of Deoxidation and Mold Condi- 
us on the Tensile Properties of Carbon Steel Castings, B. S. Jour. Research, 5; August, 1930. 
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casting, as the immediate cause of low ductility. Hence it was po 
an unreasonable conjecture that some relation might exist betwee 
the overreduced condition in the liquid steel and low ductility jy the 
finished castings. eh | 

The work here reported has profited throughout from the interes 
experience, and suggestions of George Batty, director of research , 
The Steel Castings Development Bureau. 


II. “OVERREDUCED” STEEL IN PREVIOUS 
INVESTIGATIONS 


In the conference at which this problem was suggested for sty 
at the bureau, an overreduced steel was described by Mr. Batty q 
possessing a low fluidity which can, however, be remedied by a sii 
able addition of iron ore to the bath. Hence, a steel in an unsati 
factory condition is improved by oxidation and the unsatisfactor 
state is more or less logically designated as ‘‘overreduced.”’ 

The steel melter’s test for fluidity in such cases has usually bea 
to determine the time, in seconds, required for a film to form acng 
the top surface of a sample of the molten steel poured into a standar 
open-core sand mold. A ‘‘fluidity count” of about 30 seconds may 
be obtained for an overreduced steel. After the addition of from} 
to 4 pounds of iron ore for a 4,000 to 5,000 pound heat, followed by 
an interval of about two minutes, the same steel might require about 
48 seconds to film over. This filming test or fluidity count appears ty 
serve as a practical guide to the running qualities of the metal ani 
experience has shown that a metal having a short count gives troubk 
in filling satisfactorily thin sections of castings. 

There are in the literature relatively few papers bearing on th 
subject of overreduced steels. Melmoth,*® has mentioned briefly i 
several papers the comparative fluidity of steels for castings. In on 
of these papers he suggested that ‘fluidity may not be a direc 
function of temperature and orthodox composition,” and goes on ti 
affirm his belief in the difference in fluidity or “life”? which is reportei 
to exist between electric and converter steels of similar compositio 
Greater fluidity of steel made by the converter process has bea 
attributed to the presence of oxides which continue to react wil 
deoxidizers during the period of casting with a consequent productia 
of heat. This theory is to be questioned since no serious |oss 0 
deoxidizing elements during casting periods is encountered in practice 
A second theory was that dissolved oxygen or oxides lowered tlt 
solidification temperature of the steel and so gave a longer liqui 
range. . 

In the discussion of the above paper, Batty was of the opinia 
that an overreduced steel bath was one comparatively free from 10 
oxides. The general English practice was to add sufficient silico, 
after the oxidizing slag had been removed, to deoxidize the bail 
and to leave about 0.10 per cent silicon in the steel. In their bast 
practice, additions of carbon were made to the slag so that some 0 
the silicon would be derived from the slag by reduction. In a ste 
overreduced in this manner, it was mentioned that not only was te 





3F, A. Melmoth, Some Metallurgical Points in Electric Steel Castings and Notes on Defects, Ins. 
British Foundrymen, 9, p. 425; 1925-26. 
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uidity lowered, but there resulted also greater shrinkage, more 
sceptibility to the effects of gases from the mold, and a greater 
ndency to porosity. ‘The increased shrinkage was apparent in both 
e fluid condition and in the solidified condition and called for the 
se of larger heads or risers and a greater allowance in the pattern 
contraction in order that the casting might conform to proper 
imensions. ; 

Batty cited an instance of an electric furnace heat of 5,000 pounds 
hich, although very hot, gave a “‘melter’s count” of not more than 
» seconds. The slag samples were whitish in color, indicative of a 
trongly “‘reduced’’ condition, and not greenish. To this charge 
bout 100 pounds of rusty plate scrap (plates one-half inch thick) 
ere added and rapidly melted. Within 2 minutes a spoon sample 

owed a ‘‘melter’s count’ of between 48 and 51 seconds. He stated 
nat this heat could not have been poured from hand shanks had it 
een tapped in the overreduced condition. 

In the discussion of the same paper, G. C. Grant supported Batty’s 
emarks and stated that a small percentage of titanium had a similar 
fect in bringing a hot heat, which normally would have run without 
ificulty through a three-fourths-inch ioatle, to a condition in which 

was poured from the ladle only with difficulty. 

In discussing a paper by Dornin,* Batty stated that McCance had 
hoted a peculiar phenomenon in that high-chromium steels and high- 
ilicon steels on casting appeared to give up a considerable proportion 
f their surface heat as light. In the bottom pouring of ingots cer- 
in of these steels run short; due to a freezing of the metal on the 
urface in the molds during casting and thus develop a back pressure 
eater than the ferrostatic pressure of the superimposed metal in 
he trumpet. 

Batty also stated that overreduced mild steels from basic electric 
urnaces are very sluggish in the molds and are somewhat of a menace 

the production of light steel castings. He also expressed the 

pinion that dissolved oxide of iron is an essential to fluidity in low- 
arbon steels, and that overreduced heats had been cured by adding 
xide of iron in various forms, such as rusty scrap, finely divided ore, 
br mill scale. If the heat is ‘‘hot,’”’ rusty scrap is the best addition 
to lower the temperature; if the heat is close to the correct tempera- 
ure, mill scale or ore makes the better addition. M4«Aill scale in any 
bppreciable quantity is undesirable because ‘of the high sulphur con- 
ent. Batty further stated that he preferred to call a steel which 
as assumed to contain some unknown proportion of this dissolved 
bxide a normal steel. He also mentioned that such a metal had a 
iner grain size than that obtained with an overreduced steel of the 
ame general composition and that the normal steel also machined 
lore readily although it had a somewhat higher Brinell hardness 
han the overreduced type. 

In a later paper Melmoth® states that: 

Over a very large number of electric furnace casts it is strongly suggested that 
bonormally high silicon produces a material much more difficult to cast from small 
ianks than when silicon content is normal. The principal point observed is 
Hue tendency to skin over on the surface of the metal immediately after it is 





*G. A. Dornin, ‘‘The Melting or Molten Stage of Steel Manufacture, with Particular Reference to the 
“oxidizing, Refining, and Contamination Phases,’ Trans. Am. Soc. Steel Treat., 18, p. 29; 1928. 

*. A. Melmoth, Sheffield, England, ‘‘ Variables in Steel Foundry Practice,’ Trans. Am. Fdymen’s, 
PSs0c., 86, p, 323; 1929, Exchange paper with Institute of British Foundrymen. 
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exposed to the air. It appears incorrect to state dogmatically that this jg 4, 
to the direct action of the presence of silicon, as it may equally be due the furnae 
condition which tended toward the production of the silicon content. Tho 
charges are frequently very dead and result from strongly reducing condition. 
Even when hot they do not exhibit the usual degree of fluidity and have bead 
termed ‘‘dazed”’ heats. The condition is remediable by a return to oxidizing 
conditions in the furnace, afterwards finishing as usual, 7 


III. COMPARISON OF OVERREDUCED AND NORMAL 
STEEL 


The present investigation consisted of a comparison of the melting 
practice, the mechanical properties, and the chemical compositio, 
of the two heats of intentionally overreduced acid electric steel, an( 
two heats of similar steel made according to normal practice. The 
overreduced heats are designated in this report as heats 6698 and 
6699 while the normal heats are 6704 and 6705. 

All four heats are made at the plant of the Dodge Steel Co., om 
of the cooperating foundries of The Steel Castings Developinent 
Bureau. Grateful acknowledgment is made of this assistance rep. 
dered by the Dodge Steel Co., particularly the personal interest i, 
the supervision of the heats by C. Tolan and C.S. Roberts. Thanks 
are also due and are gladly rendered to Dr. C. H. Herty, jr., and J. \, 
Gaines, jr., of the Bureau of Mines, Dr. R. B. Sosman, of the U.§. 
Steel Corporation; George Batty, of The Steel Castings Development 
Bureau; and H. J. French, formerly of the National Bureau o 
Standards, for their aid in observing and recording data during the 
four heats in question. All temperature measurements during the 
heats under consideration were made by H. T. Wensel and W. f. 
Roeser, of the National Bureau of Standards. 


1. MELTING PRACTICE 


The detailed data showing the melting practice are given in Table! 
for the two normal heats and in Table 2 for the two overreduced heats. 
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The two normal heats contained iron ore in the original charge to 
the amount of 80 pounds in the first heat and 40 pounds in the 
econd. Shortly after the ‘melting down” of the first heat a further 
«mall addition of ore (4 pounds) was made. Three successive addi- 
ions of “wash metal,” totaling 130 pounds, were made from 30 to 
45 minutes after the melt down and additions of ferrosilicon and 
ferromanganese before tapping. The second normal heat was made 
much the same as the first, but with a slightly larger addition of iron 
re (15 pounds) after the melt down and with only 50 pounds of 
vash metal. 

Of the two overreduced heats, the first had only 30 pounds of ore 
in the furnace charge while the second charge contained no ore. 
\dditions of 38 and 20 pounds of iron ore were made to these two 
heats, respectively, shortly after the melt down. Wash metal was 
not added to these two overreduced heats. The steel in the furnace 
vas, instead, deoxidized directly by the usual additions of ferro- 
iicon and ferromanganese. 

Samples of both metal and slag were taken as indicated in Tables 
land2. The ‘‘A” samples were taken immediately after the charges 
melted down, the ““B” samples after the furnance additions of ore 
and lime were completed; the “‘C”’ samples followed the deoxidizing 
ndditions, respectively—wash metal in the normal heats and ferro- 
icon in the overreduced heats. The “D” samples were taken 
immediately before tapping. It is to be noted that between the 
‘C” and “D” samples additions of both ferrosilicon and ferro- 
manganese were made in the two normal heats, while in the over- 
reduced heats only ferromanganese was added between “‘C” and 
‘D” samples. Additional fluidity test samples (‘‘E’’) were taken 
rom the heats just before tapping while the ‘‘F'”’ samples were taken 
mmediately after the start of the pour. 

The samples marked ‘“‘T” and “TA” represent sand-cast test 
blocks of the finished steel poured from the ladle, the “T’’ samples 
representing the finished steel with no ladle addition and the “TA” 
amples metal to which aluminum in the proportion of 1 pound per 
on had been added in a 70-pound shank ladle. 


2. TEMPERATURE MEASUREMENTS 


The temperature measurements at various stages of the heats are 
ecorded in Tables 1 and 2. The records of temperature during one 
pach of the normal and overreduced heats are shown in Figures 1 
pnd 2. 

It was originally planned to make the temperature measurements 
vith noble metal thermocouples and preliminary tests were made at 
the National Bureau of Standards with commercial alundum pro- 
ection tubes. These proved unsatisfactory, both because of their 
ensitiveness to thermal shock and also because of the ease with which 
hey were attacked by acid slags so that they were readily cut through 
it the slag line. A very few temperature measurements were made 
vith a noble metal thermocouple with a porcelain protection tube 
hext to the couple and an outer clay-graphite tube to protect the 
porcelain. All other temperature measurements shown by the two 
gures represent optical pyrometer readings. 


15377°—30——11 
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The temperature measurements in the furnace were made } 
sighting the optical pyrometer into a clay-graphite tube inser 
through a hole in the furnace wall just above the slag line. Ty, 
clay-graphite tube was inserted at an angle of 45° to the horizonig) 
and extended through the slag layer into the metal bath. The 
tubes were 36 inches long with a bore of seven-eighths inch and a wl 
thickness of one-half inch. 
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The temperature of tapping was measured by sighting the optic 
emg 9 on the stream of metal flowing into the large (5,000-pount) 
adle. The apparent temperature thus obtained was corrected for sl 
emissivity of 0.40.2 The temperatures of the steel subsequent 
tapping were measured by sighting the optical pyrometer on the streall 
of metal flowing from the large ladle into the casting ladles and gill 


el 





6G. kh. Burgess, B. S. Tech. Paper No. 91; 1917. 








pcre, Dowdell, Steel Castings 1133 
spplying the correction for an emissivity of 0.40. The correctness of 
hese readings was checked in the case of another heat (6703), by 
imultaneous measurements with thermocouples in the 5,000-pound 
jade and with the optical pyrometer on the stream flowing from the 
same ladle. Also in heat No. 6704 (fig. 1) thermocouple temperature 
eadings were taken of the metal in the casting (250-pound) ladles 
chile at the same time readings with the optical pyrometer were made 
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FIGURE 2.—Temperature measurements on overreduced heat 6699 
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bn the stream of metal flowing from the 5,000-pound ladle into the 
250-pound ladle. The temperature of the metal in the smaller ladle 
Was found to be slightly lower than the temperature of the stream of 
ietal filling the ladle, a condition which was to be expected. 

The temperature data obtained do not show any significant differ- 
nces between the normal and the overreduced heats. The rate of 
ooling of the metal in the 5,000-pound ladle was nearly the same in 
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all four heats, and the temperature of the metal became approximaigy 


constant in all cases at 1,580° to 1,600° C. during the casting perio 
3. FLUIDITY TESTS 


A reliable method for the determination of the fluidity of low-carb, 
steel has long been a problem with steel-foundry men. There js 1, 
standard or generally accepted test method. In this work thre 
different types of ‘‘fluidity”’ test were used. In the first method, know, 
as the melter’s count, the molten steel was poured into a small cor. 
sand mold containing a hemispherical depression 2% inches deep at the 
center and with a top diameter of 3% inches. The time in seconk 
as measured with a stop watch, required for the metal in this mold j) 
freeze or “film over’’ was taken as the melter’s or fluidity count, thy 
longer the count the more fluid the metal. The second fluidity tes: 
used consisted in casting the molten steel in a split core-sand mold ¢} 
conical shape, as shown in the lower half of Figures 3, 4, 5, and6. |) 
this test the fluidity is indicated by the height of the cone. The thin! 
type of test, known as the spiral method,’ by which a casting of tl 
form illustrated in the upper half of Figures 3, 4, 5, and 6 was sone. 
what modified, as applied in the present work, by using an overfloy 
so as to keep the head of the metal in the pouring basin constant whik 
the mold was being filled. The sand molds were made from split core, 
a is indicated by the length of the spiral traversed by the molt 
steel. 

The fluidity tests were taken at various stages during the progres 
of the heats as indicated in Tables 1 and 2. The melter’s counts (i), 
59, 30 and 48, 72, 48) on the two normal heats indicate a somewhit 
greater fluidity throughout the heats than do the corresponding counis 
(43, 33, 43 and 70, 41, 34, 36, 31) of the two overreduced heats 
Nevertheless, it is to be noted that the counts were all relatively lo 
at the finish of all four heats and that the final counts, 30 and 48, a 
the two normal heats did not serve at all to distinguish them from th: 
two supposedly overreduced heats with final counts of 43 and 31. 

The cone and the spiral tests generally agreed fairly well betwea 
themselves, as is shown by Figures 3 to 6, except in the case of tiv 
“C” sample of heat 6705 (fig. 4 (c)), where a short cone and a reli 
tively long spiral were poured from the same metal. 

It is difficult to point out any correlation between the melter’s cout! 
and the other types of fluidity tests throughout the course of tl 
heats. However, it is worthy of note that the final furnace samp 
of the cone and spiral tests corresponded with what the original state 
ment of the problem of overreduced steel led one to expect on ili 
basis of the melter’s count. Thus, a melter’s count of 30 at the “) 
sample of heat 6704, a normal heat, ran short in both spiral and co! 
(fig. 3 (d)); while a count of 48 for the ““D” sample of normal hei 
6705 compared with a long spiral and a long cone test. ‘The sail! 
situation existed in the ounaiarel heats, the melter’s count of 4310! 
heat 6698 matched the long cones and spirals of Figure 5 (d) and \! 
and the short count 31 for heat 6699 compared with cone and sp 
tests which showed practically no fluidity. (Fig. 6 (e).) nik in 

For the two heats which showed high counts and good fluidity # 
the casting tests, namely, normal heat 6705 and overreducee bet! 


— my oa -. |e 


7C. Curry, Fluidity Qualities of Cast Iron, Trans. Am. Fdy. Assoc., 35, p. 289; 1927. 
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9s, there were also taken fluidity castings from ladle metal to 
hich aluminum equivalent to 1 pound per ton was added in the 
nd shank. These were the F samples in Figures 4 and 5 and they 
‘dicate that aluminum additions in these ing wagons very noticeably 
wwered the fluidity possessed previously by the metal. 


4. TENSILE PROPERTIES 


Test bars of 0.505 inch diameter were made from test castings hav- 
v the form and dimensions shown in Figure 7. In nearly all cases 
iplicate test castings were poured from each heat both without and 
th the addition of aluminum (1 pound per ton of steel, equivalent 
» 0.05 per cent Al.). The test castings were heat treated before the 
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Ficure 7.—Form of test casting for tensile bars 
These bars were taken from the 1-inch section. 


st bars were machined from them. The heat treatment consisted of 
ormalizing by heating two hours at 900° C. (1,650° F.) in a large 
ant furnace, along with other castings, followed by air cooling. 

All of the bars were sound except one bar, from heat 6704, that had 
en poured without the addition of aluminum. The results of the 
usile properties given in Table 3 show that the bars deoxidized with 
uninum in the shank ladle had considerably lower elongation and 
eduction of area than the corresponding bars from each heat which 
d not contain aluminum. This is the outstanding feature of the 
ensile tests and confirms the results of the earlier work on the cause 
{ low ductility in acid electric casting steels, to which reference was 
lade in the introduction of the present paper. There are no apparent 
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{ 


differences between the tensile properties of the normal and the , 
reduced heats. The broken tensile test bars are shown in Figures 


TABLE 3.—Tensile properties of the normal and overreduced steels 





“ Yield | Ultimate 
Heat No. N Ladle addition point | strength |" 





6704 (normal) 


6705 (normal) 


6698 (overreduced) 





6699 (overreduced) 

















5. MICROSCOPIC EXAMINATION 


Specimens from the four heats were examined microscopically \x 
in the etched and unetched conditions. The comparison of th 
structures for one of the normal and one of the overreduced heats 
given in Figures 9, 10, 11, and 12 but is not discussed in detail. 
specimens for the microscopic examination of the T and TA sam 
were taken from the threaded ends of the test bars, while the oi 
samples were from water-quenched pellets (approximately one-fow 
inch in diameter) obtained by pouring a spoon sample of the me 
freed from slag, through a heavy metal screen into water. 

It was especially difficult to obtain micrographs showing the aver 
inclusions for the different samples with a magnification of | 
diameters. With a magnification of only 25 diameters most of { 
inclusions were too small to be recognized. The ‘nonmetalli 
inclusions in the unetched samples from the overreduced heats appe 
to be more finely divided than those in the normal heats. Ths 
doubtless due to the presence of larger proportions of silica in t 
inclusions of the overreduced heats and as a result there has bd 
less cleansing of this steel than in the case of the normal steel. Wi 
the normal practice there were apparently formed ferrous silicsi 
higher in iron oxide which more readily agglomerated and rose to 
slag. 

: general, it was noted that the inclusions were darker after t 
ferrosilicon additions. This was apparently due to a higher conc 


tration of silica in the inclusions which caused them to be more tral 


parent, to appear darker under reflected light and to have a “bu 
eye” appearance. (Fig. 11 (A)X100.) There is no apprecisi 
difference between the unetched micrographs of the “'T” and “7. 
samples. There was a considerable difference in the ductility | 


steels with and without aluminum, but this difference in proper 


is apparently not caused by large particles of alumina. 
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Figure 9.—IJnclusions in samples from xormal heat 6705, Unelc 











i 
condition 


Letters indicate the time at which samples were taken during the progress of the heat. (See 
Table 1.) 
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Figure 10.—Inclusions in samples from normal heat 6705 





Ss indicate the time at which samples were taken during the progress of the heat. (See 
‘e 1.) Specimens in upper half of figure in unetched condition. Specimens in lower 
of figure etched in 2 per cent nital. 
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Figure 11.—Inclusions in samples from overreduced heat 6699. Unetched 
condition 


Letters indicate the time at which samples were taken during the progress of the heat. (see 
Table 2.) 
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FiGuRE 12.—IJnclusions in samples from overreduced heat 6699 
indicate the time at which samples were taken during the progress of the heat. (See 
2.) Specimens in upper half of figure in unetched condition. Specimens in lower half 


ure etched in 2 per cent nital. 
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The specimens from samples “T” and “TA” were etched in a 2 
er cent solution of nitric acid in alcohol in order to show the general 
tructure. There were no eppreciaine differences in the microstruc- 
ures of the steels before and after the aluminum addition. 


6. CHEMICAL COMPOSITION 
(a) METAL AND SLAG 


The results of chemical analyses of the metal for the usual con- 
tituents and of the slag have been included in Tables 1 and 2. 

The chief differences in the two types of heats, as shown by these 
ata, are that the normal steels were inclined to melt down to, and 
aintain, in the early part of the heat, a carbon content which is 
listinctly lower than is the carbon at the corresponding stages of an 
verreduced heat. This is consistent with the idea that the normal 
heats are more highly oxidized than the overreduced heats. 


(b) INCLUSIONS AND OXYGEN 


Analyses were made of all samples for nonemtallic inclusions and 
or oxygen and nitrogen.® The results of these analyses are given in 
1 
Tables 4 and 5. 





‘Analyses by H. C. Vacher, J. S. Acken, and E. H. Hamilton of the National Bureau of Standards. 
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The determinations of the inclusions were made by the hydro- 
hloric acid residue method. This method is based on the one 
scribed by Kichline® and by Oberhoffer and Amman" for the 
stermination of alumina in steel. It was found that by suitable 
reatment of the nonmetallic residue left from the solution of the steel 
mmple in hydrochloric acid (a treatment similar to that used by 
Nberhoffer and Amman in treating the residue obtained by their 
odification of the bromine method) a rather satisfactory determina- 
‘on of silica could be made in addition to that of alumina. The 
junina determination is quite accurate. The silica determination 
'y the hydrochloric acid method has been shown to be rather satisfac- 
rv when the nonmetallic inclusions are over 50 per cent silica; it 
mobably gives a more correct value than does the Dickenson method," 

f as is often the case, the latter is applied with the use of a caustic 

da wash for the residue. While it 1s also possible to secure very 
osely checking determinations of manganous oxide in the residues 
by this method, such values are generally in error on the low side, 
ue to the solubility of manganous oxide in the acid solvent. How- 
ver, in the present case it is the silica which is of chief interest in the 
clusion analyses. 

The method, in brief, consists in dissolving on the steam bath, a 50-g 
sample of the steel (chips if desired) in approximately 30 per cent 

ydrochloric acid, filtering, washing the residue finally with hot 3 per 
ent Na,CO; to remove silicic acid, and then igniting if it is desired 

o determine total residue. The residue is then fused with KHSO, 
md the cooled fusion dissolved in dilute hydrochloric acid. Any 
undissolved material is separated by filtration, ignited, fused with 
‘CO; and dissolved in dilute hydrochloric acid. The combined 
olutions of the fusions are evaporated to ees the silica dehy- 
drated and separated by filtration, ignited and corrected with hydro- 
uoric acid. Any residue from the silica volatilization is dissolved 
end combined with the filtrate from the silica separation. The solu- 
ion is treated with H,SO; to reduce any chromium and with nitric 
cid to oxidize the iron. Manganese, iron, and chromium are then 
eparated from aluminum by pouring the solution into a sodium 
hydroxide solution, heating the solution to boiling and allowing it to 
tand and cool for two hours. The precipitate contains the manga- 
nese, which may be determined and calculated to manganous oxide 

the inclusions. The filtrate contains the aluminum which is 
determined as the phosphate. 

The oxygen and nitrogen in all samples were determined by the 
vacuum-fusion method, the solid samples being melted in vacuum at 
1,600° C. in a gas-free graphite crucible and the evolved carbon 
monoxide and nitrogen determined gravimetrically and volumetri- 
cally, respectively. This method is considered to give correct values 
for nitrogen for all the samples from the four heats thus analyzed and 
also to give accurate results for the total oxygen content of all the 
samples except those final samples to which aluminum had been 
added. Oxygen determined by the vacuum-fusion method in samples, 





4 F. C. Kichline, “Note on the Determination of Aluminum Oxide and Tota! Aluminum in Steel,”’ J. 
nd. Eng. Chem., 2, pp. 806-807; 1915. 
if ;, Qberhoffer and E. Amman, “ Ein beitrag zur bestimmung oxydischer einschliisse in roheisen und 
- 1,” Stahl und Eisen, 47, pp. 1536-1540; 1927. 
ts, Nort Dickstect, “A Note on the Distribution of Silicates in Steel Ingots,” J. Iron & Steel Inst., 
4NO. 4, D. dd¢; 1926, 
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such as these latter, is usually somewhat lower than the correct yaly, 
due to the slow reduction of aluminum in this method. ' 

One of the difficulties in making analyses which shall be repp 
sentative of the oxygen present either as inclusions or in solution j 
a steel during the progress of a heat is the manner of taking the met, 
samples. The analytical samples from the four heats in questio, 
were taken as indicated in Tables 4 and 5. Directly after the mej 
down of the heat, the metal was too wild to permit pouring any oj 
samples. The only “A” samples, therefore, were pellet samp 
secured by pouring a spoonful of metal, freed from slag, through ; 


TIME -MINUTES 
20 40 60 60 100 120 140 





OXYGEN BY VACUUM FUSION NORMAL HEAT NO. 6704 
SiO, FROM ORIGINAL PELLETS CHARGE 
Si, AVERAGE OF WASHED 5000 LBS. SCRAP, 60 LBS. ORE 
PELLETS, POURING BASIN, AND 
MELTERS INGOT 
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40 LBS. Fe-Si ~—_.! 
55 LBS. Fe-Mn 


Boe 


4.85. LIME —~ 
POUR 


MELT DOWN 

4 LBS. IRON ORE 

40 LBS. WASH METAL 
60 LBS. WASH METAL 

30 LBS. WASH METAL 
POWER OFF 


Ficure 13.—Change in oxygen and silica content during the progress of normal 
heat 6704 


heavy metal screen into water. Similar pellet samples were take 
at each sampling period from each heat up to the time the metal ws 
tapped into the ladle. In addition, there were available for sample 
the spiral castings from one kind of fluidity test and the peta 
ical casting from another (melter’s count). The analytical samples 
the finished metal, without and with the addition of aluminum in tit 
pouring ladle, were taken from the cast tensile test bars. The rest! 
of the vacuum-fusion method for oxygen analyses and of the residu! 
method for silica analyses are shown apical in Figures 13 to !0 
inclusive, in addition to the tabulated data in Tables 4 and 5. 1b 
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tables include also nitrogen by the vacuum-fusion method and manga- 
| nous oxide and alumina by the residue method, as well as a figure for 
total oxygen recovered as manganous oxide, alumina, and silica in 
the inclusions. 

The analyses of the ‘A’ samples by the vacuum-fusion method 
were made on the pellets, but only after very careful cleaning. The 
ellets were first treated with ammonium citrate solution, then with 
1:2 hydrochloric acid, next with hot 3 per cent sodium carbonate 
solution to remove silicic acid, and finally they were heated at 900° C. 
in hydrogen for 15 to 20 minutes and allowed to cool in hydrogen. 


TIME—MINUTES 
20 40 60 80 100 1Z0 140 





OXYGEN BY VACUUM FUSION NORMAL HEAT NO. 6705 
Si0, FROM ORIGINAL PELLETS CHARGE 
Sid, AVERAGE OF WASHED 5000 LBS. SCRAP, 40 LB5. ORE 
PELLETS, POURING BASIN, AND 
MELTER'S INGOT 
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Figure 14.—Change in oxygen and silica content during the progress of normal 
heat 6705 


The cool pellets were then used for the vacuum-fusion analyses with 
the reasonable assurance that they contained no surface oxide or slag. 
The samples designated as from ‘center of spiral’’ were solid pieces 
cut from the small reservoir of metal which fed directly into the 
spiral in the spiral fluidity casting, namely, from that portion of the 
spiral casting which shows uppermost in Figures 3 and 6. Samples 
designated ‘spiral proper” were taken as small sections of the spiral 
runner itself and those marked “pouring basin (spiral)’’ were from 
the larger reservoir of metal of the spiral casting, that portion which 
appears in the illustrations as the base of the spiral casting. The 
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values obtained for nitrogen by the vacuum-fusion method indicate 
no differences among the four heats nor do the nitrogen values show 
any appreciable variation throughout any heat. The heats jj 
maintain and finish with a nitrogen content of between 0.008 and 
0.010 per cent. 

All four heats melted down with an oxygen content of from 0,05 
to 0.08 per cent irrespective of whether considerable ore or no ore 
had been added with the charge. This oxygen content decreased 
quite steadily throughout all the heats until; all four steels finished 
in the furnace with an oxygen content very close to 0.02 per cent, 


TIME-MINUTES 
20 40 69 80 169 29 140 


OXY.GEN BY VACUUM FUSION 

Si0, FROM ORIGINAL PELLETS 

Si0, AVERAGE OF WASHED 
PELLETS, POURING BASIN, AND 
MELTER’S INGOT 
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Figure 15.—Change in oxygen and silica content during the progress of overre- 
duced heat 6698 


There is thus no indication of any lower content of total oxygen 
at any stage or at the finish of those cate of the present series which, 
in the opinion of the steel plant operator, were overreduced. 

The more complete analyses for the inclusions, that is, those 
including manganous oxide and alumina, were made only on the 
original pellet samples which were taken throughout the progress of 
the heats. By “original” pellet samples is to be understood the 
pellets just as they were recovered from pouring in water and without 
being subjected to any acid wash or other cleaning See wor to their 
solution in the hydrochloric acid (residue method), Such pellets 
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obviously were somewhat rusted on their surfaces, but as the residue 
method is not used for determining oxides of iron, no error was thus 
introduced. It was apparent, however, that in certain samples 
there was a very appreciable concentration of silica on the surface 
of these pellets. There was a possibility that this might represent 
films of furnace slag remaining on the pellets or it might represent 
reaction at the surface of the pellets between excess silicon in the 
metal and air or steam surrounding the pellets during freezing when 
poured into water. Additional determinations of silica only were, 
therefore, made on samples from the pouring basin of the spiral casting 


TIME-MINUTES 
20 40 60 80 100 120 140 160 


OXYGEN BY VACUUM FUSION 

Sid, FROM ORIGINAL PELLETS 

Sid, AVERAGE OF WASHED 
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Figure 16.—Change in oxygen and silica content during the progress of over- 
reduced heat 6699 


and from the melter’s count casting as well as on additional pellet 
samples which were subjected to a preliminary short-time treatment 
(heating on the steam bath) in 1:2 hydrochloric acid, then removed, 
washed, dried, and the samples weighed for the residue analyses. 
The residue analyses showed little change in either manganous oxide 
or alumina throughout the progress of the heats, and no differences 
among the four heats with respect to these two constituents of the 
inclusions, 

The results of the residue analyses for silica are possibly best 
presented in Figures 13 to 16, The silica indicated by analyses of 
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the original pellets is plotted separately. In addition, there is given 
a curve for silica representing the average of the results of analyses 
of acid-washed pellets and samples cut from the pouring basin anq 
from the melter’s count ingot. 

It is readily seen that in the case of the two overreduced steels 
there is a very great discrepancy between the silica content of tho 
original pellets and that of the other three types of samples, This 
marked difference does not occur in the two normal heats. [It js 
also to be noted that the normal heats melted down very low in silic, 
as compared with the overreduced heats indicating the prompt 
fluxing and cleansing action of larger amounts of ferrous oxide 
derived from the ore in the furnace charge of the normal heats. 

Probably even more significant is the fact that in the overreduced 
heats the curves for the silica inclusions rise distinctly above the 
curves for total oxygen, but that they fail to do this in the normal 
heats. If one selects the ‘‘C” samples of the four heats, which 
most distinctly showed the differences in melter’s counts (long counts, 
52 and 72, for the two normal heats, 6704 and 6705, respectively, 
and short counts, 33 and 35 (average of two determinations), for 
the two overreduced heats, 6698 and 6699, respectively), one finds 
that the silica inclusions (considering the curve of the average silica 
of the three types of samples) in the normal steels at the “C” sample 
account for less than half of the total oxygen in the steel. 

At the same point in the overreduced heats the silica content (from 
the similar “average” curve) accounts for all of the oxygen present. 


Further, at this same stage of the two overreduced heats there is 
present in the melt, silicon in very great excess over that combined 
as silica, the total silicon being 0.16 and 0.28 = cent, respectively. 


At the corresponding stage of the two normal heats the total silicon 
is only 0.05 and 0.08 per cent, respectively, and, consequently, rela- 
tively little silicon is present in the metal beyond that combined as 
silica. It is therefore reasonable to believe that the great difference 
already noted between the ‘‘average”’ silica and the silica of the 
original pellets in the overreduced heats at the time of taking the 
‘“‘C”’ samples is indicative of a very rapid oxidation of silicon at the 
surface of the liquid metal of these two heats. This occurred before 
pouring operations. At the time of pouring there were no great 
differences in the two classes of steels. This rapid oxidation of dis- 
solved metallic silicon at the surface of the overreduced metal can 
well account for the shorter filming times or melter’s counts, reported 
to be characteristic of such metal, the film formation which is ob- 
served being not the initial freezing of the metal but the formation 
and separation of a silica or silicate film. During the cooling of a 
normal steel which contains relatively very low concentrations of 
metallic silicon little or no film formation is to be expected until much 
lower temperatures are reached (longer time has elapsed) and iron 
oxide, or possibly iron silicates relatively very high in iron oxide, 
begins to form or separate from the liquid. 

he composition of slags taken at the ““C” stage of the four heats 
showed a higher content of silica for the overreduced heats than for 
the normal heats and a lower content of manganous oxide also. In 
the case of the overreduced heats a considerable excess of ferrosilicon 
was added before the “‘C” samples were taken while wash metal (low 
in silicon) only was added to the normal heats at this stage. 
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Just before the final samples were taken from all heats the ferro- 
g iti It is believed that ferromanganese 
rectified largely the effects of the overreduced heats by aiding in flux- 
ing the inclusions high in silica. In the case of the normal heats the 
srosiicon was added about three minutes before the ferromanganese 
yhile in the overreduced heats the ferrosilicon was added about 20 
minutes before the ferromanganese. _ 

Consistent with the explanation in regard to the formation of 
refractory film are the melter’s counts obtained when the “B” and 
‘(” tests of the two overreduced heats were taken. At the time the 
“BR” test of heat 6698 was taken the count was 43 seconds (Table 2), 
the total silicon was low and the residue analysis indicated that the 
‘gyerage”’ silica content of the metal accounted for only a small part 
of the total oxygen; that is, considerable iron oxide was present in the 
metal. Between the ‘“B” and “C”’ tests this condition was radically 
changed. All the oxygen previously present as iron oxide reacted to 
form silica, metallic silicon was present in excess, and the analyses of 
the original pellets showed rapid surface oxidation of silicon, and the 
melter’s count dropped from 43 to 33. In the case of heat 6699 the 
drop in melter’s count between the ‘“‘B” and ‘‘C”’ tests was still more 
striking, from 70 to 41, 34 and 36 (Table 2). This drop corresponds 
with the reaction of all the oxygen, remaining as iron oxide in the 
steel, to form silica and the presence of an excess of metallic silicon 
susceptible to rapid surface oxidation. 

Itis also to be recalled that it has already been noted that the addi- 
tion of metallic aluminum to finished steels paersouely possessed of 
rather good fluidity (D, heat 6705 and E, heat 6698, Tables 1 and 2) 


very markedly reduced this fluidity as indicated by the cone and the 


spiral casting tests (F, heat 6705 and F, heat 6698, Tables 1 and 2) (figs. 
4and 5). That is, the presence of an excess of metalli¢ aluminum 
may have a similar influence in reducing the fluidity of a steel and 
producing an overreduced condition by the formation of more refrac- 
tory inclusions as does an excess of silicon. 

If the presence of an excess of some reducing agent, as silicon or 
aluminum, with the accompanying necessary absence of iron oxide 
is indeed the characteristic of overreduced steels, and the nonmetallic 
film formation is the cause of the short count in the fluidity test, there 
still remains the need of offering some explanation of the manner in 
which this condition of the metal reduces the fluidity and causes 
difficulty in casting thin sections. 

While it is true that the formation of a refractory oxide film on 
the surface of overreduced steel will cause that surface to appear 
brighter than the cleaner surface of a normal steel at the same tem- 
perature, because the emissivity of the oxide film is higher than that 
of a clean liquid iron surface, the actual temperature measurements 
made during the present investigation do not indicate any significant 
difference in ‘temperature of the two sets of heats. Furthermore, it 
may be argued that there was actually little, if any, difference in the 
inetal of the four heats at the time of finishing and that any distinction 
between normal and overreduced steel existed only before the finishing 
stages of these heats. 

A higher emissivity of the surface of an overreduced steel does, in- 
deed, mean that heat radiation from this surface is greater than from 
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a cleaner liquid metal surface and this difference may cause an gy 
preciably greater rate in cooling of an overreduced steel. Howeye 
it is also possible that errors in comparing the temperatures of oye, 
reduced metal and normal metal have been made previously and 
because of the higher emissivity of the overreduced steel such he 
have been cast at very considerably lower temperatures than ¢h 
comparison normal steels with the consequent greater difficulty 
running thin castings with the colder metal. } 

Quite aside from differences in pouring temperatures or in cooling 
rates, there is the possibility that the continuous silicate film forme 
on the liquid surface of an overreduced steel as it runs through ; 
sand mold may cause a retardation of the flow of the metal. Thy 
silicate film may act as a membrane holding back the flow of a fre 
surface of metal in a thin section. It may also cause what is pro 
tically a wetting of the sand of the mold faces by the iron inasmuc 
as the iron silicate film might be expected to be “wetted” by the ste 
and in turn it should wet the sand. Such a condition might we 
mid retard the rate of flow of the liquid iron over the sand of; 
mol 

IV. SUMMARY AND CONCLUSIONS 


A study of four heats of acid steel made in the electric furnace {oj 
steel castings, two of the heats being described by the steel foundry 
operators as ‘‘overreduced”’ steel and two heats as normal steels 
failed to reveal any significant differences in temperature, rate o 
cooling, tensile properties, or microstructure as being the cause of tly 
reported difficulty in pouring thin castings of the overreduced metal 


There were some differences in the steels during the progress 0 
the heats as revealed by fluidity tests. These differences were that 
during the latter part of the heats of the two overreduced steels the 
melter’s count (fluidity test) was much shorter (lower fluidity) than 
at the corresponding stage of the normal heats. Chemical analyse 
showed that at this same point all the oxygen, present as iron oxidg 
in the overreduced steels, had reacted to form silica, and that ther 
remained in the metal an excess of metallic silicon which very readily 
oxidized to a film of silica at the surface of the liqiud metal. Thi 
rapidly forming film of silica presumably accounts for the short 
fluidity count given by overreduced steels. It also may be the caus 
of incorrect measurement or judgement of temperature, since | 
emissivity is higher than that of a clean liquid steel surface. Thi 
may result in attempting to cast an overreduced steel at a tempers 
ture which is considerably lower than the temperature of a norms 
steel of the same apparent brightness at the surface. 

The higher emissivity of the surface of an overreduced steel als 
should result in greater radiation losses as compared with a norms 
steel. It has not been possible to judge from. the present wor 
whether or not this factor is significant in its influence on the rate 0 
cooling of such metal in practice and thus have an effect on fluidityy 

It is suggested also that the silicate film formed in overreducet 
steels may act as a skin or membrane retarding the free flow of the 
liquid steel and even resulting in what is practically a wetting of the 
sand of the mold by the liquid overreduced steel. 

If these types of steel are deoxidized with aluminum, shortly be 
fore pouring, the percentage elongation and the percentage reducti0! 
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dan 


area of the finished product is appreciably lowered. It is shown 
at appreciable amounts of alumina remaining in the finished steel 
» responsible for the lowered ductility. 
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THE CONSTANT OCCURRENCE OF NONREDUCING 
DISACCHARIDES IN HYDROLYZED INULIN 


By Richard F. Jackson and Emma McDonald 


' ABSTRACT 


It was demonstrated in a previous article that inulin from dahlia tubers yielded 
upon hydrolysis in aqueous solution with sulphuric acid a sugar mixture consist- 
ing of 91.8 per cent fructose, 3 per cent glucose, and 5.2 per cent of a group of 
nonreducing difructose anhydrides. It is now shown that inulin from wild 
chicory, dandelions, burdock, goldenrod, and Jerusalem artichoke yields the 
same percentage of these disaccharides, and that extensive fractional crystalliza- 
tion fails to alter this percentage..--Since polysaccharides related to inulin do not 
yield the disaccharides it is concluded that the latter are an integral part of the 
inulin molecule and are not produced by side reactions occurring during hydrol- 
ysis. The occurrence of the disaccharides in such constant proportions regard- 
less of the source of the inulin or its degree of purification indicates that inulin 
is essentially a homogeneous substance. Evidence to be presented in a later 
article suggests that there are at least three different disaccharides in the non- 
reducing portion of hydrolyzed inulin from which it follows that the molecular 
weight of inulin may be as high as 18,000. 


CONTENTS 


. Introduction 
. Preparation and analysis of inulin 
. Fractionation of inulin 
’, Hydrolysis of related polysaccharides 
’. The molecular weight of inulin 
‘I. Conclusion 
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1. Extraction and hydrolysis of inulin 
2. Analysis of hydrolyzed solutions 
3. Fractionation of inulin 
4. Density and refractive index of a difructose anhydride 


5. Calculation of specific rotation of nonreducing residue 
. Summary 


I. INTRODUCTION 


In a previous article Jackson and Goergen ' showed that purified 
dahlia inulin yielded upon hydrolysis with aqueous acids a sugar 
mixture consisting of 91.8 per cent fructose, 3 per cent aldose, and 
9.2 per cent of a group of nonreducing disaccharides which were of 
such high stability as to survive the hydrolysis. It was demonstrated 
that these disaccharides were dextrorotatory and were hydrolyzed at 
high temperature and acidity solely to fructose. One of them was 
obtained in crystalline form and was found to be a difructose anhy- 
dride of [aj5= +27. The aldose in inulin has been shown by Schlu- 
bach and Elsner ? to be glucose. 





1B. 8S. Jour. Research, 3, p. 27 (RP79); 1929. 2 Ber., 62, p. 1497; 1929. 
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In continuation of the investigation the present authors have ob. 
tained evidence which will be presented in a later article that no le 
than three different disaccharides are contained in the nonreducip 
portion of hydrolyzed inulin. $ 

There are two conceptions of the nature of inulin, between whic) 
it is the purpose of the present article to distinguish. (1) Inulin may 
be composed of similarly constructed molecules, each of which contains 
the refractory difructose residues. Since these residues constitute 
but 5 per cent of the inulin, the whole molecule must be 20 times a 
great as the residue itself, and since the residue is composed of a 
least three different disaccharides, each consisting of two fructos 
residues, it follows that inulin would under this conception have , 
very high molecular weight. (2) If a relatively low molecular weigh; 
is to be ascribed to inulin it must follow from simple arithmetical 
considerations that the nonreducing disaccharides will be unequally 
distributed among the molecules. Assume, for example, that the 
molecule of inulin is composed of nine fructose residues.’ If 5 per 
cent of inulin consists of three disaccharides, each having two fructog 
residues, then but 1 molecule in 12 can contain the refractory disac. 
charides if all of the latter are in the same molecule, or 3 in 12, if they 
are distributed among three molecules. : 

The distinction between these hypotheses is sharp. If the first is 
correct all samples of inulin shows’ contain approximately the same 
per cent of the nonreducing disaccharides. If the second hypothesis 
is true, it should be possible to obtain samples of inulin from which 
the molecules containing the disaccharides have been isolated or 
eliminated, and great variations in the disaccharide content should 
be observable.* 

In distinguishing between these hypotheses we shall use as a cri- 
terion the constancy with which the nonreducing disaccharides occw 
in the products of hydrolysis of inulin prepared by a variety of methods 
and from various sources. This criterion does not require an exact 
agreement in analytical data and indeed an accurate agreement is 
not to be expected, since inulin itself shows variations in physical 
properties and hydrolyzed inulin shows small variations in analytically 
determined constituents. 

If inulin prepared from dahlias is the mixture of polysaccharides 
assumed under our second hypothesis, it must consist of a number of 
molecular species which are present in constant proportions in all 
samples, since it always yields upon hydrolysis approximately 5 per 
cent of unhydrolyzed disaccharides. It is necessary to assume that 
these various a fm species exist in the ratio of their solubilities, 
since their proportions are not altered by recrystallization. In other 
words, in order to explain the presence of the refractory difructoses in 
a heterogeneous inulin, we must assume that it is composed of dis- 
similar polysaccharides of similar solubility. If this be true we 
should expect that inulin prepared from other plants than the dablis 
would show some differences in composition, since, in general, the 
relative amounts of the different polysaccharides vary from plant to 





§ Pringsheim and Aronowsky, Ber., 55, p. 1414; 1922. AM 

4 The segregation, of course, could not be effected if this hypothetical mixture were composed of constitu: 
ents which crystallized in a constant ratio. It will appear in the following pages that such a special cx 
could exist only if the carbohydrates of this mixture were formed in the juices of each of a number of wide!} 
a plants in exactly the constant crystallizing ratio, a condition so highly improbable as to * 
negligible. 
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plant. For example, in the dahlia tuber inulin predominates over 


ihe more soluble polysaccharides, while in the Jerusalem artichoke, as 
Tanret ° has shown, the polysaccharide, synanthrin, predominates, 


though inulin is also present in relatively small proportion. It is 
therefore pertinent to examine inulin prepared from other plants in 
order to determine whether variations in the disaccharide content 


occur. 
II. PREPARATION AND ANALYSIS OF INULIN 


In pursuance of this plan we have prepared inulin from the roots 
of burdock, goldenrod, dandelion, artichoke, and wild chicory. All 
samples were gathered during the months of October and November 
in the vicinity of the National Bureau of Standards, except one 
sample of burdock which was gathered in Wisconsin.® All the 
plants mentioned belong to the family of Compositae. It is doubtful 
if true inulin occurs outside of this family. Each sample of inulin 
was recrystallized at least twice and finally hydrolyzed and analyzed 
in the manner described in the previous article. 

The analytical results are assembled in Table 1 (a). It is at once 
evident from column 4 that the total reducing sugar content of all 
samples of hydrolyzed inulin is approximately the same and in 
average amounts to 94.7 per cent. The nonreducing residue is 
therefore 5.8 per cent, whereas dahlia inulin from the previous 
investigation showed 5.2 percent. (Table 1 (c).) This approximate 
constancy of composition of inulin derived from such a wide variety 
of sources affords strong evidence that inulin is not the heterogeneous 
mixture postulated under our second hypothesis. On the other hand, 
the experimental data are reasonably interpreted by our first hy- 
pothesis and we may draw the conclusion that every molecule of 
inulin contains about 5 per cent of these nonreducing refractory 
disaccharides. 

The glucose content of the inulin from the miscellaneous plants 
amounts to 3.7 per cent. This is slightly higher than the 3.0 per cent 
in dahlia inulin. Similarly the fructose content of 91.0 per cent is 
slightly lower than in dahha inulin which was previously found to be 
in average 91.8 per cent. The higher glucose and lower fructose 
contents are also reflected in the slightly lower specific rotation of the 
products of hydrolysis. 





‘Bull. Soc, Chim., 3d series, 9, pp. 227, 622; 1893. 
‘Very kindly submitted by Miss Norma McDonald. 





Bureau of Standards Journal of Research 


TABLE 1.—Summary of analyses 


(a2) INULIN FROM MISCELLANEOUS PLANTS 





Num- : | 
Total Ratio: | p,| [a] 2 
Source of inulin —~ 4 — Sy alt homes wea ey mt ane 
talliza- , | ference | ; residue | hydrol- 
ee sugar | ing sugar | ns 











Per cent | Per cent |Percent| Per cent |Per cent | 
91.3 9 ‘ 0. 962 5.1 | —80.4 

. 962 | —78,5 
. 942 
- 963 
. 967 
. 954 
. 969 
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. 968 
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(6) FRACTIONATION OF INULIN 


Artichoke 
Dahlia 








rcamerathcatiatnenanrdtes [ist a | 1 4.8] 30) 0. 969 | 














Average all samples. | a , 94.7 | 3.3 | . 966 | .91 —8L 1 | 
Re cette dole Llane S dae Sol TE NE 
1 Not included in average. 
? Average of eight analyses. 
’ The rotations were measured by Jackson and Goergen, but were inadvertently omitted from their 
article. 





Inulin-bearing plants contain a series of polysaccharides of varying 
complexity which culminates in inulin itself. As we ascend the 
series we find a diminishing ratio of glucose to fructose: which reaches 
its minimum in inulin. In the dahlia the development of the mor 
complex members of the series has proceeded to such an extent 
that inulin is the predominating polysaccharide. We should, ther- 
fore, expect a more nearly complete elimination of glucose in the 
dahlia inulin than in related plants which appear to have less ability 
to synthesize inulin. 

It requires to be shown that the nonreducing residue from the 
inulin from the miscellaneous plants has the same composition 8s 
that from the dahlia inulin. To have isolated the residue from 
each small sample'of hydrolyzed inulin and to have determined its 
properties would have been a prohibitive labor. We have, therefor, 
endeavored to determine its specific rotation by subtracting the 
algebraic sum of the rotations of the known constituents from the 
observed rotation. The results are calculated from small differences 
between large numbers, and hence errors are multiplied about twenty- 
fold. Nevertheless, the results of this calculation, which are show 
in the last column of Table 1, indicate that the residues have dextt- 
rotatory powers of the same order of magnitude as the residue from 
hydrolyzed dahlia inulin which Jackson and Goergen found to be 
about +55. 
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III. FRACTIONATION OF INULIN 


In order further to distinguish between our two hypotheses we 

have subjected inulin to a fractional crystallization in an effort to 
olate fractions containing higher proportions of the stable difructose 
residues. If the inulin molecule consisted of the six or nine fructose 
ssidues usually ascribed to it, there would be some molecules in 
hich the disaccharides constituted as much as 20 or more per cent 
wnd other molecules from which the disaccharides were absent. Such 
, difference in composition would certainly result in a difference in 
slubility. We have, therefore, subjected samples of dahlia inulin 
nd artichoke inulin to 11 fractionations, rejecting the mother 
iquor after each operation. The conditions were so chosen that 85 
per cent of the dahlia inulin was rejected in the mother liquor and 
96 per cent of the artichoke inulin. The final fractions, consisting, 
respectively, of but 15 and 4 per cent of the initial material, were 
then hydrolyzed and analyzed as usual. The analytical data shown 
in Table 1 (6) indicate that these final fractions have essentially 
the same composition as the initial material. After so many oper- 
ations and such lavish rejection of the more soluble fractions any 
nonhomogeneity must have manifested itself by some change in 
composition between the original and final fractions. 

The decreased content of glucose in the dahlia inulin is of interest. 
It is another instance of the fact shown by Tanret that in the series 
of fructose polysaccharides a diminution in glucose content is accom- 
panied by a decrease in solubility. Apparently in inulin itself some 
molecules contain more glucose than others and would thus have a 


higher solubility. ‘These more soluble molecules have been eliminated 
by our fractionation. That the artichoke inulin does not show so 
great a decrease in glucose content may be explained’ by the fact 
that inulin of low glucose content is not formed by the artichoke 
plant. It has less ability to eliminate glucose from its polysaccharides, 
as is shown by the great preponderance of synanthrin and other 
polysaccharides of high giueses content. 


IV. HYDROLYSIS OF RELATED POLYSACCHARIDES 


In the article by Jackson and Goergen the suggestion was made that 
the nonreducing difructose anhydrides might be formed during the 
hydrolysis by condensation of difructose fragments which might have 
a momentary existence. Conceivably inulin upon hydrolysis would 
be ruptured to form a great variety of intermediate products, among 
which there would be many groups of two fructose molecules which 
would be capable of either hydrolysis to fructose or condensation to 
difructose anhydride, the amount of the latter formed depending 
upon the relative rates of reaction. If such were the case it would 
explain the constancy of the yield of the nonreducing disaccharides. 
Militating against this theory is the fact that Jackson and Goergen 
obtained the same quantity of disaccharides regardless of changed 
conditions of hydrolysis which might be expected to alter the relative 
rates of hydrolysis and condensation. 

The question can be definitely settled by hydrolyzing related poly- 
saccharides and ascertaining whether they too yield the same 5 per 
cent of nonreducing residue. We have, therefore, extracted by Tan- 
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ret’s procedure a fraction of the soluble polysaccharides of {j 
Jerusalem artichoke which was soluble in 70 per cent alcohol and 
fraction of the polysaccharides in Jris hookeri soluble in 60 per cop; 
alcobol. No attempt was made to prepare these substances jp , 
highly purified state, since it was sufficient for the present purpose ty 
learn whether or not they would yield the 5 per cent residue which we 
found invariably in inulin. That both of these polysaccharides ap 
closely related to inulin is evident from their high fructose conten; 
and from their ready hydrolysis under conditions which are adequaty 
for the hydrolysis of inulin. As shown in Table 2, in neither case js 
there formed the 5 per cent of nonreducing substance which is » 
characteristic of inulin. The relatively small departure from 1) 
per cent must be ascribed to analytical uncertainty. In the firs 
analysis the low concentration of substance made the determinatio, 
of dry substance difficult. The iris polysaccharide yielded apparently 
1.4 per cent of nonreducing substance. The specific rotation of thi 
residue was calculated in the manner described for the inulin residue; 
and a very high negative rotation was found, indicating that th 
residue bore no resemblance to the positively rotating inulin residues, 
We may, therefore, conclude that the difructose anhydrides are not 
— ucts of the hydrolysis reaction but are true constituents of 
inulin. 


le 
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TABLE 2.—Hydrolysis of related polysaccharides 





Total re- la)” 
Solvent Fructose | ducing i : 


os | drolysis 





Per cent | Per cent | 
70 per cent alcohol . 100.7 16.2) -M) 
60 per cent alcohol ‘ 98. 6 1.6 —&j 

















V. THE MOLECULAR WEIGHT OF INULIN 


If the foregoing demonstration and its interpretation are valid w 
are enabled to draw some tentative conclusions in regard to the magi: 
tude of the inulin molecule. The final solution of this question mus 
necessarily await the resolution of the disaccharide residue into its 
constituent parts in order to determine the number and relative 
amounts of the different difructoses contained in it. Evidence which 
will be presented in a later article leads us to the belief that there ar 
three difructoses in the residue. For the present discussion we shal 
assume that these three are present in equal amounts. 

For the composition of inulin we have taken an average valtt 
(Table 1) of all samples analyzed, including the seven analyses i 
Jackson and Goergen. The average difructose content is 5.30 pe 
cent. We have made the tentative assumption that this is made w 
of three different compounds, each of which is therefore 1.77 per cet! 
of the whole inulin molecule. Each of these compounds contails 
two fructose residues; hence, one fructose residue is 0.89 per cet! 
of the molecule. The inulin molecule must then have the follow 
constitution: 
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The whole molecule must then contain not less than 111 hexose 
residues which, upon condensation and loss of 110 molecules of water, 
would produce a polysaccharide having a molecular weight of about 
18,000. 

The possibility must not be overlooked that these disaccharides 
may have occurred in the inulin molecule as a single residue and that 
their isomerism may have been caused by different modes of cleavage 
from the rest of the molecule. As we know nothing of the structure 
of the difructoses, the mechanism of such a reaction can not be sug- 
ested. If such were the case, however, the molecular weight of 
inulin would fall to about 6,000, in fair agreement with the cryoscopic 
determination made by Tanret. It is, however, not our purpose to 
emphasize the quantitative interpretation of these data. We desire 
merely to indicate that inulin has a high rather than a low molecular 
weight. 

The highest previously estimated value of the molecular weight is 
ihat detefmined by Tanret 7 who found by the cryoscopic method a 
value of 4,827. Since one hexose residue, set free by hydrolysis, 
would diminish the apparent molecular weight by 50 per cent, Tan- 
ret’s measurement must bé considered a minimum value, for the 
important sources of error tend toward low rather than high values. 

Pringsheim and Aronowsky ® found that triacetyl inulin in acetic 
acid possessed a molecular weight corresponding to nine fructose 
residues. Schmidt and Becker ® and Reihlen and Nestle by cryo- 
scopic and tensimetric methods, respectively, found a molecular weight 
of inulin in liquid ammonia corresponding to a disaccharide. Berg- 
mann and Knehe " obtained a similar result from a cryoscopic 
determination of the molecular weight of inulin acetate in glacial 
acetic acid. The latter authors conclude that inulin under these 
conditions is dissociated into difructose units. Recently Berner ” 
has demonstrated that inulin adsorbs alcohol and other organic sol- 
vents and retains them tenaciously. He concludes that many of the 
abnormally low molecular weight determinations previously reported, 
as well as the evidences of depolymerization are vitiated by the errors 
caused by the depressions of freezing points due to adsorbed solvent. 
After applying corrections for these influences he found values for the 
molecular weight of inulin of about 3,500. This latter value is in 
agreement with the ebullioscopic determination of Drew and Haworth™ 
who concluded that the inulin molecule contained from 20 to 24 fructo- 
furanose rings. 

In ascribing a value to the molecular weight of inulin certain 
qualitative facts must be considered. In the analyses described in the 
present paper relatively considerable variations in the glucose and 
fructose contents are found. These variations occurred without per- 


| ceptible variations in the physical properties of the inulin. The most 





? See footnote 5, p. 1153. 11 Ann., 449, p. 302; 1926. 

§ Ber., 54, p. 1281; 1921; 55, p. 1414; 1922, 12 Ber., 63, p. 1356; 1930. 

* Ber., 58, 1968; 1925. 3 J, Chem. Soc., p. 2690; 1928. 
10 Ber, 59, 1159; 1926. 
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probable interpretation is that they were small variations in the nup, 
ber of hexose residues in a molecule of high molecular weight. 

Moreover, we must also consider the remaining members of th 
polysaccharide group. There is a series of these substances exhibit 
ing very great differences in solubility, many of which are probabh 
free from the refractory disaccharides. If inulin itself had a | 
molecular weight, it would be difficult to accommodate these lowe 
polysaccharides in a series and account for the striking differences 
physical properties. 

VI. CONCLUSION 


Inulin is a polysaccharide containing in condensed form about » 
per cent fructose, 3 per cent glucose, and 5 per cent of a group 
refractory difructose anhydrides. This group of disaccharides 3 
invariably a constituent of inulin regardless of the plant from whic 
the inulin is extracted or of the degree of purification to which th 
inulin is subjected. Extensive fractional crystallization fails to alte 
appreciably the disaccharide content. Since polysaccharides related 
to inulin do not yield the nonreducing disaccharides the latter cu 
not be a by-product of the hydrolysis reaction. They are, therefor, 
an integral part of the inulin molecule. 

It appears probable from experiments as yet incomplete that ther 
are at least three disaccharides present in the residue from hydrolyze 
inulin from which it follows that the molecular weight of inulin may 
be as high as 18,000. When the composition of the disaccharide 
mixture is definitely known, it may be expected to serve as a fairly 
exact unit of measurement to determine the magnitude of the inuln 
molecule. 

The invariable presence of small amounts of glucose suggests that 
glucose is a part of the inulin molecule. It is probably not forme 
by rearrangement during hydrolysis, since it is variable in amount 
and since it is possible partially to eliminate it by fractionation asi 
shown in analysis No, 11, Table 1. 


VII. EXPERIMENTAL 
1. EXTRACTION AND HYDROLYSIS OF INULIN 


The comminuted roots of burdock, chicory, goldenrod, dandelion, 
and Jerusalem artichoke were digested with water for about an how 
at 70° C., and the juice expressed by a powerful tincture press. To the 
warmed juice normal lead acetate was added and the filtrate fread 
from excess lead with hydrogen sulphide. The clear solution wa 
evaporated in a vacuum to about 20 per cent solids and set aside to 
permit separation of inulin. The recovered inulin was recrystallizel 
one or more times from aqueous solutions heated to about 80° C. 

The final product was dissolved in hot water forming a solution 
of about 13 per cent concentration and hydrolyzed for three hour 
at 60° C. in the presence of 0.08 N H,SO,. In some instances tle 
temperature was raised to 70° C., but the increased temperature wa 
without appreciable influence on the analytical data. The solution 
of hydrolyzed inulin was exactly neutralized with recrystallized 
Ba(OH), in the presence of bromthymol blue and the filtrate sub- 
jected to careful analysis for total solids, total reducing sugars, al 
fructose, 
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2. ANALYSIS OF HYDROLYZED SOLUTIONS 


The analysis of the hydrolyzed solutions was conducted in essen- 
iy the manner described in the article by Jackson and Goergen. 
the present investigation total solids were determined by density 
surements at 20° C. and by refractive indices measured in an 
persion refractometer. Density and refractive index measure- 
ots were made with pure fructose solutions during the course of a 
rallel research and all dry substance determinations of hydrolyzed 
ulin solutions were referred to the fructose table. This procedure 
volved a small systematic error, since only 91 per cent of the dry 
bstance was fructose. As all the measurements in this and the 
evious article contain this same systematic error the results are 
ictly comparable. 
Total reducing sugar was determined by triplicate titrations by the 
ethod of Lane and Eynon. 
Fructose was estimated as in the previous research by triplicate 
nalyses by the method of Nyns. The precision of analysis was, 
pwever, greatly increased, partly by a slight modification of pro- 
ure and partly by the improved technique resulting from 
kperience. 


3. FRACTIONATION OF INULIN 


One hundred grams of dahlia inulin was dissolved in hot water, 
arified by carbon, and the filtrate transferred to the aluminum cups 
a centrifugal sedimentation machine. The inulin solution was 
owed to remain at room temperature until a considerable portion 
ad crystallized and was then sedimented for about one hour at high 


peed. ‘The mother liquor was poured off and the cups were filled 
ith boiling water to redissolve the inulin. This process was 
ppeated ten times. The final crystals were dissolved in hot water, 
tered, and recrystallized. It was found that but 15 g of inulin 
mained for analysis. 

Similarly 34 g of artichoke inulin was fractionated in the same 
banner and but 1.35 g was recovered in the final fraction for analysis. 


DENSITY AND REFRACTIVE INDEX OF A DIFRUCTOSE ANHYDRIDE 
SOLUTION 


In the calculation of dry substance from density and refractive 
dex measurements it has been assumed that the solids were fructose. 
n order to determine the magnitude of the error involved we have 
ade measurements on a sample of crystalline difructose anhydride 
btained by Jackson and Goergen. Substance, 1.0570 (vacuum); 
lution, 17.292 (vacuum); volume at 20° C., 16.941; per cent, 6.1127; 
¢, 1.02074. The same solution gave a reading of 36.64 on the 
iersion refractometer (H,O = 14.50), whence n??= 1.34148. 

Asolution.of D’? = 1.02074 would contain 6.113 per cent of difructose 
nhydride, or 5.671 per cent fructose. The ratio of these percentages 
81.078. The true difructose content of the hydrolyzed solutions is 
herefore about 7.8 per cent higher than the quantities estimated. 
Similarly a solution reading 34.64 in the immersion refractometer 
vould contain 6.113 per cent of difructose anhydride, or 5.871 per cent 
Mf fructose. The ratio of these quantities is 1.041 and the true 
lifructose content of the hydrolyzed solutions is about 4.1 per cent 
uigher than the amounts estimated. 
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5. CALCULATION OF SPECIFIC ROTATION OF NONREDUCING RESID 


The method of calculating the rotatory power of the nonredyj, 
residue can best be illustrated by a specific example. 
experiment No. 8: 


Dry substance in 100 ml 

Nonreducing residue, 10.809 5.83 per cent 

Rotation of fructose, 90.65 per cent X 10.809 X (— 5.382) 
Rotation of glucose, 3.52 per cent X 10.809 X (+3.10) 


Rotation of determined constituents 
Observed rotation 





[«] 20_+ 2.04X 0.8462 1 56. 


D™ 0.00630 x 2 


The rotations were measured in a 2 dm tube on a saccharimete 
The specific rotation of fructose is a function of its concentration an 
the values for the concentrations of the present analyses were dete 
mined during a parallel research which will be described in a late 
article. 

VIII. SUMMARY 


Pure inulin has been extracted from wild chicory, dandelion, golda, 
rod, burdock, and Jerusalem artichoke. All samples yielded wpa 
hydrolysis with sulphuric acid approximately 91.0 per cent fructos 
3.7 per cent glucose, and 5.3 per cent of the same group of nonreducing 
difructoses which was previously found in inulin prepared from dabli 


tubers. 

Extensive fractional crystallization failed to alter essentially th 
relative proportions of these constituents. 

Related polysaccharides gave no indication of the presence of th 
nonreducing disaccharides. 

It is concluded that the refractory difructose anhydrides are a 
integral part of the inulin molecule and that the molecular weight of 
inulin may be as high as 18,000. 


WASHINGTON, July 8, 1930. 
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RECISION OF COLOR TEMPERATURE MEASUREMENTS 
UNDER VARIOUS OBSERVING CONDITIONS; A NEW 
COLOR COMPARATOR FOR INCANDESCENT LAMPS 


By Deane B. Judd 


ABSTRACT 


It is important in many kinds of scientific and technical research to know the 
olor temperature of a source of light because for many common light sources it 
s possible to deduce from the value of color temperature the relative amounts of 
nergy being emitted throughout the whole spectrum. Instead of measuring 

ese relative spectral energies radiometrically for each incandescent lamp sub- 
nitted for standardization, it is therefore customary to compare the test lamp as to 

lor with a standard lamp previously tested radiometrically; that is, the color 
emperature of the test lamp is determined by comparison with a standard lamp. 
This comparison has been carried out at the National Bureau of Standards by 
eans of either the 3° circular field of the rotatory dispersion colorimeter or the 
f° circular field of the Martens photometer. Preliminary to the construction of 
2 color comparator which was to be designed to permit color temperature deter- 
ninations with a maximum of precision an investigation was made of the effect 
pn precision of various observing conditions. The conditions investigated included 
field size, width of dividing line, and convenience of the brightness adjustment. 
t was found that the simple apparatus used for these preliminary tests could be 
made to yield color temperature determinations of more than double the precision 
previously obtainable by visual comparison at the Bureau of Standards. 


CONTENTS 


I. Introduction 
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id. SEOs Se ) . neren nse woriiarwenerit> ened <-meld~he oda gil z 
IV. Experimental results and interpretation 
1. Sensibility as a function of field size_____________________- 
2. Sensibility as a function of width of the dividing line 
3. Importance of the substitution method 
4. Comparison with the precision obtained by use of other 
’ apparatus 
V. Summary 


I. INTRODUCTION 


_It has been found by experiment that the relative energy distribu- 
tion from many common incandescent light sources is, in the visible 
spectrum, practically identical with that from a Planckian radiator, 
though the true temperature of the incandescent filament is not 
generally the temperature of the Planckian radiator giving the most 
hearly identical energy distribution. For some purposes the spectral 
distribution of energy for such light sources may be satisfactorily 
pspecified by a single number, the ‘‘color temperature,”’ where the color 
temperature of a light source is defined as “‘the temperature at which a 

lanckian radiator would emit radiant energy competent to evoke a 
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color of the same quality as that evoked by the radiant energy fy 
the source in question.”’ ! Nucl 

Requests for the calibration of incandescent lamps in tems , 
color temperature are frequent. Such calibration may be aceon, 
plished by direct comparison with standard lamps in a suitg)j 
field or by a comparison in conjunction with the Davis-Gibso, 
filters or by means of the rotatory dispersion colorimeter,’ the prin, 
standard lamp having been established by radiometric means, 

The purposes of the present paper are: 

To give a preliminary general description of apparatus suggests 
by Irwin G. Priest * for the purpose of making possible color temper 
ture determinations of incandescent lamps with a higher degree 
precision than has been possible with the rotatory dispersion coloriy 
eter, the Martens photometer, or other color comparators common) 
used for lamps.® 

To present results of precision tests with the new apparatus unt 
various observing conditions (differing field sizes, differing widths, 
dividing line, and light dividing line v. dark dividing line). 

To compare the precision obtained by means of the new apparaty 
with that obtained by the 3° circular field of the rotatory dispersiq 
colorimeter,’ the 6° circular field of the Martens photometer,’ i 
the 4° square field of Priest’s monochromatic colorimeter.® 


II. APPARATUS 


Essentially the apparatus consists of two mat surfaces of op 
glass set at an angle of 60° and viewed by reflected light. Ty 


surfaces are separated by a sheet of lead foil so that light falling « 
the one can not contribute to the brightness of the other. Th 
line of intersection of the two surfaces is vertical and constitut 
the dividing line of the photometric field. We may describe thi 
arrangement as an opaque 60° prism (about 20 cm high) having tn 
mat surfaces of high reflectance, and shall refer to it simply as th 
rism. Each of the two illuminating beams (quite definitely divey 
ing) strikes its prism face at an angle approximately 30° from ti 
normal.® Since the prism is viewed directly from the front, th 
direction of view is about 60° from the normals to both surfaca 





1 Irwin G. Priest, The Colorimetry and Photometry of Daylight and Incandescent [lluminants byt 
Method of Rotatory Dispersion, J. Opt. Soc. Am. and Rev. Sci. Inst., 7, p. 1180; 1923. : 

2 Raymond Davis and K. 8S. Gibson, Reproducible Liquid Filters for the Determination of the (a 
Temperatures of Incandescent Lamps, Phys. Rev. (2), 29, p. 916; 1927. This reference cites an abstr 
the complete paper will appear as a Miscellaneous Publication of the National Bureau of Standard 

3’ Irwin G. Priest, Measurement of the Color Temperature of the More Efficient Artificial Light Sour 
by the Method of Rotatory Dispersion, B. 8S. Sci. Paper No. 443, 18, pp. 221-234; 1922. 

4 The general plan and many of the details of the apparatus are due to Mr. Priest. 
tion was carried out by R. 8. Hunter and J. O. Riley with some assistance from the shop. 

Riley have also collaborated with the author in the design of a few of the details. 

5 The rotatory dispersion colorimeter has a circular photometric field of about 3° diameter. The 
photometer field is a 6° circle. The Lummer-Brodhun contrast photometer field is elliptical and of 
size (10° or 15°). All these instruments are monocular and involve the use of an artificial pupil. The: 
for higher precision with the new apparatus was based largely on the fact that it was to provide a 
field (17° by 20° rectangular) which could be viewed directly with both eyes. 

6 See footnote 1. 

7 F. F. Martens, Uber ein neues Polarisationsphotometer, Phys Zs., 1, pp. 299-303; 1900. The Mares 
photometer referred to herein is made by Schmidt and Haensch. ; 

8 Irwin G. Priest, Apparatus for the Determination of Color in Terms of Dominant Wave Lent 
Purity and Brightness, J. Opt. Soc. Am. and Rey. Sci. Inst., 8, pp. 173-200; 1924. ; 

* The illumination of the observing field is not quite uniform, but rather increases with distance ™ 
the dividing line since the two outer edges of the prism are generally somewhat closer to their respec" 
light sources than are the other portions of the half fields. Though this lack of uniformity was notices 
it seemed to have no undesirable consequences. Most of it could be overcome, however, by makint™ 
peg a approximately normal to the respective prism faces instead of approximately at 30° ™@ 
the normal. 
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The brightness of the two surfaces may be adjusted to equality by 
adjusting the distances of the lamps from the surfaces. 

Throughout a considerable portion of the preliminary tests the 

rism faces were viewed directly, in which cases the tridimensionality 
of the field was more or less apparent (and possibly disturbing) to 
the observer. The two outer edges of the prism and its supports 
were hidden from the observer by a limiting diaphragm in the plane 
of the dividing line perpendicular to the line of sight. By varying 
the size of the opening of this diaphragm the field size could be 
changed at will up to a rectangle 17° vertical by 20° horizontal for 
an observing distance of 35 cm. For the remainder of the tests 
the aperture of this diaphragm was covered with a translucent 
screen (tissue paper or a glass plate ground on one side). It is to 
be expected that the use of such a field would avoid the possibly 
disturbing effects introduced by the tridimensionality of the field 
when the prism is observed directly.” 

For neither the prism field nor the flat field could the line of 
division between the two halves of the field be made to disappear; 
there was a dividing line of brightness perhaps 0.6 that of the field 
and of width about 0.5 mm.” 

The adjustment of brightness by movement of the lamps was 
facilitated by placing them on carriages. By turning a small crank 
held between thumb and forefinger the observer can cause one lamp 
to approach the prism and the other to recede. This brightness 
adjustment is considerably facilitated by the use of ball bearings 
throughout the mechanism. It has long been recognized that con- 
venience in making the brightness adjustment is an important factor 
in obtaining high precision of any setting which depends on making 
a chromaticity (hue and saturation) medal, Some observers for their 
best sensibility even require the brightness to be oscillated about the 
match point with an amplitude of 5 or 10 per cent and a period of 
perhaps a second. Preliminary tests indicate that the device incor- 
porated in the new comparator for adjustment of brightness 
approaches in convenience, but does not equal, that of the Martens 
photometer. 

The lamps were operated on storage-battery circuits. The voltages 
applied to the lamps were controlled by rheostats, a rough adjustment 
and a fine adjustment being provided. 

The immediate surroundings of the field were not black, but 
rather a fairly dark gray. The room lights (screened, of course, 
from the prism) were kept burning during all observations. Since the 
distance of the observing eye (or eyes) was not controlled exactly 
(n0 head support was used) the field size specified by the angle 
subtended by the diameter was not constant; it may have varied at 
particular times from the average values given by as much as 10 
per cent. 





“The use of the translucent screen restricts the application of the comparator for color-temperature 

determination to lamps of nearly the same candle power. It is evident that when one lamp is considerably 
closer to the prism than the other, as is inevitable in comparing lamps of widely different candle power, 
the relatively greater proportion of light falling directly on the translucent screen without reflection from 
the prism constitutes a source of error which can not safely be neglected. 
F The two pieces of opal glass forming the prism faces were chosen from stock by reason of their relatively 
g00d approach to planeness. They warped sufficiently on being ground to a plane mat surface to prevent 
a good approach to coincidence of the two edges. Furthermore, the opal glass was so brittle t any 
attempt to force the edges into ea coincidence resulted in chipping; and, finally, as mentioned before, 
8 piece of lead foil was inserted between the two plates, 


15377°—30——13 
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III. METHOD OF PROCEDURE 


In all settings the right half of the field was illuminated by ligh; 
from a 400-watt Mazda projection lamp at a voltage of 80.0 which 
ielded a color temperature of about 2,700° K. The observer’; 
eft hand rested on the rheostat knob by which the applied voltacp 
of the comparison lamp (also a 400-watt Mazda projection lamp) 
illuminating the left half of the field was controlled; the right hand 
grasped the crank by which the relative brightness was adjusted. |p 
general, the observer was required to make 30 settings without rest. 
first 10 median settings, then 10 settings of “greatest imperceptible 
difference’ (GID), and finally 10 settings of. “least perceptible dif. 
ference’ (LPD). Then the observer rested while some change was 
made in the experimental conditions. It was hoped (and this hope 
was reasonably well realized) that reliable information concerning 
the precision of settings of color temperature could be obtained from 
30 such settings. 

For the median settings the observer adjusted the applied voltage 
of the comparison lamp so that its color temperature was noticeably 
too high, then, as nearly as he could judge, about equally too low. 
After a few such trial sdindanele of the rheostat, he endeavored by 
the kinaesthetic sense to strike the mean position. When the observer 
was satisfied that the setting was neither too high nor too low, the 
applied voltage was recorded as a median setting. 

For the GID settings the observer adjusted the applied voltage of 
the comparison lamp so that its color temperature was noticeably 
too high; then he decreased the applied voltage by small steps until 
(perhaps, on the fifth or sixth step) the color temperatures of the lamps 
appeared to be equal. This voltage was recorded as a high GID 
setting. Then the observer made a low GID setting. Five such pairs 
made up the 10 GID settings. 

For the LPD settings the observer adjusted the applied voltage of 
the comparison lamp so that its color temperature was noticeably too 
low; then he increased the applied voltage by smal] steps until, after 
having passed through the ‘‘match point,’”’ the color temperature of 
the comparison lamp appeared to be just noticeably too high. This 
voltage was recorded as a high LPD setting. Then the observer made 
a low LPD setting. Five such pairs made up the ten LPD settings. 

Undoubtedly the precision of setting for a color match depends 
upon the physiological condition of the observer at the moment of 
making the observation, and the precision is usually assumed to 
increase if the condition be better, but we can not be sure that a sick 
observer would make less precise settings than a well one, nor do we 
know that an observer just arising from a night’s sleep would make 
better settings than one who had been observing several hours. There 
seems to be a tendency for the first group of settings made to be less 
precise than those which follow immediately thereafter. Such a 
tendency has been called the ‘practice effect”’ though it is probable 
that adaptation of the visual mechanism to the stimulus is an impor- 
tant factor also. There is a further tendency for the last of a long 
series of groups to have a lower precision than those which precede it. 
Such a tendency has been called the “fatigue effect,” but it may wel 
be due to a relaxing of the observer as the end of his task approaches. 
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The concepts of “practice” on the one hand and “fatigue” on the 
other are bound to be more or less successful as explanations, because 
a change in precision which the one fails to account for can be accounted 
for by assuming the presence of the other. Perhaps, it is nearer the 
truth merely to say that precision of setting for a color match is 
subject to irregular fluctuations (hourly, daily, monthly, and long- 
time) of obscure cause which are at the same time too large and too 
consistent to be random variations accounted for by the theory of 
errors. At any rate, the task of making many settings for color match 
of the utmost precision requires a ey sat balance between tension 
and relaxation. The observer must maintain a steady pace that 
permits each setting to be the result of composed as well as concen- 
irated effort. Distractions and the complete exclusion of distractions 
alike contribute to error; the former tend toward too little concentra- 
tion, the latter toward too much. Any factor which the observer 
believes to be important constitutes a distraction that really is im- 
portant and deserves immediate attention. 

Furthermore, the observer must be interested in the observations, 
must believe that they are important, and must have confidence 
in his ability to carry the observations to a conclusion without inter- 
ruption and without altering his pace. Every effort was made both 
to reduce the amplitude of the fluctuations and to avoid vitiation of 
the results by such fluctuations in precision as did occur. Long- 
time fluctuations were avoided because the observations all were 
taken within four weeks (July 20 to August 14, 1929). The effect 
of monthly and daily fluctuation was avoided to a great extent by 
reason of the fact that each stimulus variable (for example, field 
size or width of dividing line) was investigated throughout its entire 
range within a single day. Hourly fluctuations (the “practise” and 
“fatigue’’ effects) were rendered unimportant both by the order 
adopted for the taking of settings and by taking a large number of 
settings. 


IV. EXPERIMENTAL RESULTS AND INTERPRETATION 


Two measures of sensibility to change in color temperature have 
been used: (1) The probable error of a single observation computed 
from a group of 10 observations (labeled PE singie), and (2) the ‘just 
doubtful difference.’’ ” 

The probable error of a single observation was computed by means 
of Peter’s approximation formula: ™ 


PR, = 0.8453 oo 
single . vn(n—1) 


where = |v} is the arithmetical sum of the residuals computed from 


"This measure of sensibility was introduced by Priest (Irwin G. Priest and F. G. Brickwedde, The 
Minimum Perceptible Colorimetric Purity as a Function of Dominant Wave Length with Sunlight as 
Neutral Stimulus, J. Opt. Soc. Am. and Rev. Sci. Inst., 18, p. 306; 1926), and is defined as the mean between 
the GID and the LPD, see below. It may be shown from the classical theory of errors that the “just 





5 doubtful difference” is a measure of sensibility less dependent on observing habits than either the “‘ greatest 


imperceptible difference” or the “‘least perceptible difference” from which it is derived. The ‘‘just doubt- 
renee has been embodied in a new unit of saturation, the ‘“‘satron,’’ introduced by Priest, see 
otnote 25, p. 1176. 
“J. W. Mellor, Higher Mathematics, London, Longmans-Green, p. 516; 1905. 
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the arithmetical mean, and n is the number of settings. For the me- 
dian settings the formula becomes (n= 10): 


P Eoingie = 0.0891 2 |v] (Median) 


For the GID and LPD settings we compute residuals about the mean 
of the five high and the mean of the five low settings. The probable 
error of a single observation is taken as the mean of the probable 
errors computed for each five settings separately (n= 5) which results 
in the formula: 


P Eoingic = 0.0945 (Zlelnign + 2!0liow) (GID and LPD) 


From the classical theory of errors there is reason to believe that 
both the GID and the LPD settings should result in greater precision 
than median settings. The ratio of the probable error of a GID 
setting to that of a median setting was predicted on the basis of the 
theory to fall between 0.63 and 0.76 for acceptable observing tech- 
nique. The mean of 120 observations taken during the first week of 
the experiment (observer DBJ, field size 16° or larger) gave 0.68 for 
this ratio. Prevoius work reported by Priest and Judd on sensibility 
to dominant-wave-length change (see footnote 18, p. 1170) gives 0.76 
for this ratio. It was also found from similar data that the probable 
error of a single LPD setting was 0.81 of the probable error of a single 
median setting.‘ In spite of the expected slight inferiority of the 
median setting, which was furthermore experimentally realized by 
observer DBJ, it was nevertheless deemed superfluous to take this 
into account because each individual value is subject to considerable 
uncertainty ; ° the average of the probable errors by all three methods 
of setting was taken as a measure of the precision actually attained 
under the experimental conditions. 

The “just doubtful difference” is labeled (GID +LPD)/2, and as 
the label implies is the mean of the greatest imperceptible difference 
(GID) and the least perceptible difference (LPD). "Phe GID is one- 
half the difference between the mean of the five high GID settings and 
the mean of the five low GID settings. Similarly, the LPD is one- 
half the difference between the mean of the five high LPD settings 
and the mean of the five low LPD settings. The ‘just doubtful 
difference”? (GID +LPD)/2, may in a sense be taken as a measure of 
the sensibility which the observer believes he is obtaining. With 
constant experimental technique it is reasonable to expect “that the 
actual experimental sensibility (measzired by the average PE gingie by 
the three methods of setting) will be proportional to the sensibility 
which the observer believes he is attaining (measured by the (GID + 
L PD)/2). See Table 2 for experimental tests of this proportionality. 





4 This ratio has not been worked out theoretically. 

1s The probable error of these probable errors is quite high—about 0.16 of the values, themselves. The 
probable error of a single GID setting was actually greater than the probable error of a single median setting 
sixteen times out of the 43 groups of observations permitting this comparison. 
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TABLE 1.—Summary of determinations of sensibility to change in color temperature 
OBSERVER, DBJ 
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In Table 1 may be found a summary of all the results on which 
this report is based. The remainder of the paper consists of an analy- 
sis and discussion of these results. The first column gives the date 
of observation; the second column gives the Pyne in terms of 
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volts based on 30 settings (except for the days July 30, August 1 
and 2 when only 20 settings, 10 GID and 10 LPD settings, are rep- 
resented). The third column gives the “just doubtful difference” 
in terms of volts. The last column serves to specify whether the 
prism of opal glass was viewed directly (usually no remark) or whether 
there was a translucent screen placed perpendicular to the line of 
sight in the plane of the prism edge (tissue paper screen, ground glass 
screen), whether the Martens photometer was used in the usual way 
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Fiaure 1.—Precision as a function of field size indicated on the 
spectral centroid scale by the probable error of a single observation 


' (Martens, optimum) or with brightness adjustment by means of the 
lamp distances rather than by rotation of the circle (Martens, no 
circle), whether (when the right eye was used alone) the left eye 
was kept closed by a bandage around the head (left eye bandaged) 
or was shielded from the observi ing field by a gray screen fastened 
over theleft spectacle lens (no remark), and whether the dividing 
line was light gray and 0.5 mm wide (no remark) or light gray of 
some indicated width (5 mm diy. white) or dark gray of some indicated 

width (5 mm diy. black). 
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1. SENSIBILITY AS A FUNCTION OF FIELD SIZE 


Figure 1 shows the average PE gingie plotted for each observer 
against field size. The largest field was 17° by 20° rectangular, and, 
since the other fields were circular, the values corresponding to this 
rectangular field were plotted (somewhat arbitrarily) at 20° because 
that seemed to be the size of circular field corresponding as far as 
sensibility is concerned to the 17° by 20° rectangular field. Figure 2 
shows the average “‘just doubtful difference” plotted against field 
size. For observer DBJ, only results for which the prism was viewed 
directly were considered. About half of these observations were with 








50 
40 
o—o Observer DBJ, Prism field 
«-x Observer IGP Flat field 

= 40F 
E The number near each 
2 plotted point gives the 
a number of settings 
°o 
i represented. 
£ 30} 
. 
o 
~ 
¢ 
) 
PS 
20h 
+ 
Pa) 
L 

1 OF 

‘@) 1 i 1 1 l i i i 











z 4 6 8 10 12 14 16 18 20 
Size of circular field--degrees 


Ficure 2.—Precision as a function of field size indicated on the 
spectral centroid scale by the ‘‘just doubtful difference”’ 


binocular vision and half with monocular vision as may be seen from 
Table 1. For observer IGP, the flat field and binocular vision were 
used in all results considered. The dividing line for all values plotted 
in Figures 1 and 2 was light gray and about 0.5 mm wide and sub- 
tended about 0.08° at the average observing distance of 35 em. As 
will appear later (Fig. 3) the effect of this line on sensibility to color- 
temperature change is negligible. The values averaged were weighted 
according to the number of settings represented. The ordinates of 
Figures 1 and 2 are plotted in terms of the spectral centroid of light 
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(A-)'*in my. By calibration of the lamp we used in terms of the spectral 
centroid of light it was found that at 79 volts, 1 volt corresponded to 
a change in d, of 0.133 my; the results summarized in Table 1 were 
multiplied by this factor in order to express them on the X, scale. 
The function of probable error against field size might be expected 
to approximate a hyperbola; that is, the probable error must, of 
necessity, rise to infinity for zero field size, and, unJess stimulation of 
the periphery actually interferes with the use of the more centra! 
regions of the retina (which seems scarcely probable), the probable 
error should approach more and more nearly its lowest value as the 
field size approaches that of the visual field itself. Examination of 
Figures 1 and 2 shows that both the probable error and the “just 
doubtful difference” (particularly for observer DBJ) give a curve 
with field size that is roughly hyperbolic.” The points for observer 
IGP do not follow any regular curve very satisfactorily. There is 
a decided gain in sensibility for field sizes 4° and 6° over that for 1°, 
but for further increase in field size the sensibility seems to remain 
substantially constant, although the observer preferred the large 
fields and thought his precision with them was distinctly better. 
Table 2 evaluates from the data which are plotted on Figures 1 and 
2 the ratio of the ‘just doubtful difference” to the probable error 
of a single observation (GID+ LPD)/2PEyingie. It may be seen that 
the approach to constancy of this ratio is considerably better for 
observer DBJ than for observer IGP, but this is at least partially 
due to the larger number of settings made by DBJ. (Figs. 1 and 2.) 
This ratio has been evaluated from more extensive data (six observ- 
ers on the dominant wave length of Lovibond 35Y)'* which gave 
3.56; and from much more extensive unpublished data (the same 
six observers on the dominant wave lengths of 45 filters, more than 
8,000 settings) which gave 3.21. This ratio is expected on the basis 
of the theory of errors to vary according to the size of the stimulus 
increments and the number of scrutinies of the field which precede 
a judgment. The value of the ratio, 3.3, corresponds to average 





16 The spectral centroid of light, being a general parameter, is naturally of more interest than scale voltage 
of our particularlamp. It possesses a unique importance here because of the discovery by Priest (The Color- 
imetry and Photometry of Daylight and Incandescent Illuminants by the Method of Rotatory Dispersion, 
J. Opt. Soc. Am. and Rev. Sci. Inst., 7, pp. 1190-1191; 1923) that the observational precision of measurement 
of A. is approximately constant independent of color temperature. It is of interest to quote a few para- 
graphs from Priest’s paper. 

“* * * Yo state this somewhat more concretely, the probable error of \- as computed from the ob- 


served residuals * * * in any set of observations, is constant; that is, independent of the particular 
value of A- (or color temperature) being measured. This statement is based on a very large amount of 
observational! data which can not be reproduced here; but these data warrant the statement with the follows 


ing qualifications: 

“(1) That the range of color temperature actually covered by the experimental data lies between about 
3,000° and 20,000° K. (The author is of the opinion that substantially the same probable error would be 
found for temperatures between 2,000° and 3,000°.)”’ 

Subsequent tests have amply borne out this opinion. When expressed in terms of spectral centroid o! 
light, then, our conclusions may be taken to apply to a wide range of black-body colors instead of merely 
to the restricted neighborhood of 2,700° at which the observations were taken. We continue to quote from 
Priest’s paper: 

**(2) By constancy in this case is meant that the probable error of a single observation lies, in general, 
between 0.1 and 0.2 millimicrons without showing any indication of systematic variation with temperature 
These values apply only to certain experimental conditions. Absolutely smaller probable errors can prob- 
ably be obtained under improved conditions of observation.’’ 

Figure 5 shows to what a gratifying extent this prediction has been realized. Under optimum conditions, 
the new apparatus has permitted observations having a probable error for a single setting of but 0.02 lz. 
These observations are almost of a different order of precision; the probable errors are less than one-ffih 
those reported in Priest’s 1923 paper. ; 

17 The similarity of the curves on Figures 1 and 2 is, as has already been pointed out, to be expected qn 
fact, as will appear presently (Table 2), the probable error of a single observation and the ‘‘just doubtful 
difference’’ are for observer DBJ very nearly proportional. 

8 [. G. Priest and D. B. Judd, Sensibility to Wave-Length Difference and the Precision of Measurement 
of Dominant Wave Length for Yellow Colors of High Saturation, J. Opt. Soc. Am. and Kev. Sci. Inst., 14 


p. 137; 1927. 
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observing technique and between 2 and 3 scrutinies. We make use 
of this proportionality in reducing the none too numerous data of 
the next subsection. 


TaBLE 2.—The “just doubtful difference’ compared to the probable error of a 
single observation 
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2. SENSIBILITY AS A FUNCTION OF WIDTH OF THE DIVIDING LINE 


Figure 3 shows that sensibility falls off rapidly with increasing 
width of a dividing line which contrasts sharply with the field. If 
the contrast is not sharp the loss in sensibility is considerably less 
rapid. It is seen that no loss in sensibility need be ascribed to the 
0.5 mm light gray dividing line which was present throughout the 
whole series of observation even with the 1° (7 mm) field.” 


3. IMPORTANCE OF THE SUBSTITUTION METHOD 


Since nothing has been said of the means about which the residuals 
for the probable errors have been taken it might, perhaps, be assumed 
that these mean values showed only such variation among themselves 
(lamp No. 2 illuminating the right field was always kept at a voltage 
of 80.0) as would be expected from their probable errors, but such is 
far from the case. Although the means taken under identical ex- 
perimental conditions agreed excellently well, a change (for example) 
from observation of the 17° by 20° field with both eyes to observation 
of the same field with the nght eye brought a difference of 1 volt 
between the two means of 60 settings each. Since the probable error 
of the difference was found to be but 0.04 volts, it is plain that this 
difference is not ascribable to random variations; in fact, it will occur 
on a purely chance basis only about once in 10“. An analysis of all 
the data taken before July 30 showed some definite regularities that 
are illustrated in Figure 4. 

_ It is seen that the use of the right eye never required the lamp 
illuminating the left half of the field to be operated at as high a voltage 
for a color match as the use of both eyes. Furthermore, this differ- 
ence in voltage increases for smaller field sizes in a regular fashion.” 


' Although the ordinate of Figure 3 is labeled PEsing1e the actual numbers plotted were obtained by taking 
the average of the PE single and 1/3.3 times the “just doubtful difference.’’ By virtue of the equivalence 
of these two quantities (Table 2) for observer DBJ, the resulting average was labeled PEsingie; it might 
with equal applicability have been labeled 1/3.3 times the ‘‘just doubtful difference.”’ 

* Since this difference is found to be roughly proportional for all field sizes to the probable error of a single 
observation, it is just as significant (though of smaller absolute value) for the 20° field as for the 4°. 
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It is also true (though less precisely established) that use of the left 
eye requires an even higher applied voltage for the lamp illuminating 
the left half of the field than both eyes.*! The curve for both eyes 
falls (except for one not too well-determined point) between that for 
the left and that for the right eye, being, however, distinctly closer 
to that for the left eye. This circumstance leads immediately to the 
conclusion that when both eyes are being used the left eye is the 
dominant one. Such a conclusion seems strange because the author 
habitually uses his right eye in close observation so much that he 
finds some difficulty in fixating with his left eye alone; perhaps, the 
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Ficure 3.—Probable error of a single observation as a function of 
width of dividngi line relative to diameter of the field 


Note that a blac k dividing line although quite narrow reduces precision consider- 
ably, but a line of small contrast may be as wide as one-tenth the diameter of the 
field without causing much loss in precision. 


expl: nation is to be found in the fact that many of the observations 
which go to determine the curve for both eyes (T able 1, July 27 and 
29) were made with the right eye fatigued by previous observation. 
Whatever the ultimate explanation of these results, apparently we 
must conclude the immediate cause to be that the nasal halves of the 
nuthor’s foveal and parafoveal retinal regions were yellow sensitive 
compared to the temporal halves. The argument is as follows: In 
the first place we speak of the retinal region near the optic axis of the 
eye rather than of that of the whole eye because the discrepancy 





hese remarks refer to observer DBJ alone because (Table 1) observer IGP did not employ monocular 
observation at all with the new apparatus. 
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between the eyes decreases as more and more of the outlying retinal 
regions come into function. The fact that the use of the region near 
the left fovea required a high applied voltage on lamp No. 1 for a 
color match leads to the conclusion that the half of the retina of the 
left eye illuminated by that lamp must have been yellow sensitive 
compared to the other half. But lamp No. 1 illuminated the left half 
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Figure 4.—An illustration oj the variation in voliage required 
to produce a color match which is to be ascribed to asymmeiry 
of retinal sensitivity about the vertical median line 


The importance of using a strict substitution method in comparing lamps as to 
color temperature is emphasized. 


of the field which, in turn was imaged mostly ” on the nasal half of 
the central retina of the left eye. Hence, the nasal half of the central 
retina of the left eye must have been relatively yellow sensitive. 
Since the use of the right eye required a low applied voltage, the half 
of the central retina of the right eye affected by lamp No. 1 must 
have been blue-sensitive. But lamp No. 1, illuminating the left half 





* Entirely except for excursions of the fixation point from the dividing line. 
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of the field, affected the temporal half of the central retina of the 
right eye. Hence, the temporal half of the central retina of the right 
eye must have been blue sensitive relative to the other half. But 
this is just another way of saying that the nasal half of the central 
retina of the right eye was relatively yellow sensitive. A short way 
of stating both conclusions is to say that the nasal halves of the 
central portions of both the author’s retinae were yellow sensitive 
relative to the temporal halves.” 

It is quite apparent that a change in the eye used for the observa- 
tion or a change in the field size is not to be tolerated in the standard- 
izing of lamps for color temperature unless the observer’s visual 
mechanism be proven to be considerably more symmetrical in sen- 
sitivity about the median line than is the visual mechanism of the 
author. In the absence of such proof the lamp to be tested must be a 
true substitute for the standard lamp. 
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4. COMPARISON WITH THE PRECISION OBTAINED BY USE OF OTHER 
APPARATUS 


Figure 5 shows a number of average probable errors of a single 
observation on the i, scale for different conditions of observation; 
the left scale referring to observations by DBJ, the right to those 
by IGP. 

“It may be first noted (beginning at the bottom of the scale) that 
the introduction of the translucent screen before the prism of opal 
glass in the new apparatus results in somewhat more precise observa- 
tion. This increased precision may either be ascribed to the elimina- 
tion of the possibly disturbing tridimensionality of the field or to the 
fact that the flat field (tissue-paper screen, or ground-glass screen) 
exhibited a definite texture which facilitated fixation of the field. 

Next may be noted that (for both DBJ and IGP) the new apparatus 
is superior to the Martens photometer for the purpose of standardiz- 
ing lamps for color temperature. This result is particularly interest- 
ing because the Martens photometer has“been very satisfactory for 
other uses and possesses not only a perfectly uniform photometric 
field with no visible dividing line but Bi a highly convenient method 
of adjusting the brightness. It is possible to give some analysis of 
the superiority of the new apparatus for observer DBJ thus (1) from 
Figure 1 the increased field size from 6° circular to 17° by 20° rec- 
tangular accounts for much of the superiority of the new apparatus, 
(2) from Figure 3 the presence of a visible, light gray, dividing line 
with the new apparatus is no disadvantage, (3) from Table 1 (July 27) 
the use of both eyes is no advantage with the prism field, and can 
not be much advantage with the flat field (August 1 and 2) because 
the decrease in probable error due to the introduction of the trans- 
lucent screen with binocular vision is not great (0.23 to 0.20 mz, 
fig. 5) and is ascribable to two other factors (see above), (4) but 
from Figure 5 (compare 0.59 with 0.35 my) the brightness adjust- 
ment by the new apparatus is distinctly inferior to that of the Martens 
photometer, and (5) either the necessity of keeping the eye at the 





23 Note that we know nothing concerning the relative yellow-blue sensitivity of the portions of the retina 
farthest from the fovea which were functional in the experiment because we can not say that the decrease 
in the difference in applied voltage with increased field size is actually due to partial compensation of the 
central inequalities (though that is strongly suggested). The decrease in the difference between the two 
eyes may be due merely to the fact that with a larger field there is more chance of the fixation point wander- 
ing far from the dividing line. 
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artificial pupil or the dark surrounding field of the Martens photo- 
meter is a considerable disadvantage because (fig. 5) the Martens 
photometer without its particularly convenient brightness adjustment 
yielded an average probable error higher (0.59 my) than the new 
apparatus for the same field size. (Fig. 1 for 6°, 0.45 my.) For this 
observer ** the advantages of the new apparatus may, therefore, be 
summarized as (1) large field, and (2) use of the natural pupil with 
light surroundings. These two advantages more than outweigh the 
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Fiaure 5.—Comparison of the precision attained by using the new 
color comparator with that atiained by other apparatus 


The characteristics of the Martens photometer which are responsible for its high 
precision are also summarized in contrast with those of the new comparator. 


superior method of brightness adjustment of the Martens photometer. 
The advantage of using both eyes with the new apparatus and the 
disadvantage of the light gray dividing line are alike without appre- 
clable effect on precision for restricted periods of observation. How- 
ever, there seems to be a distinct gain in comfort and relaxation due 
to the use of both eyes with the flat field. It seems probable that an 
observer might find a significant gain in precision for extended periods 





_** Although the observations of IGP are not sufficiently extensive to form the basis for a similar analysis, 
it is probable that the conclusions would be similar except that the advantage of increasing the field size 
would not be so great. (Fig. 1.) 
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of observation due to the avoidance of fatigue, but this gain has not 
yet been experimentally realized. 

The superiority of the new apparatus over either the 3° circular 
field of the rotatory dispersion colorimeter or the 4° square field of 
Priest’s monochromatic colorimeter is quite marked, since it yields 
probable errors that are between one-half and one-third those pre- 
viously obtained. (Fig. 5.)*° The design of the new color comparator 
has, therefore, been justified in a most gratifying way.” 


V. SUMMARY 


1. A preliminary investigation of the precision of color-temperature 
measurements under various observing conditions has resulted in: 
(a) Determination for two observers of the probable error of a single 
observation as a function of field size (figs. 1 and 2); (6) determination 
for one observer of the probable error of a single observation as a 
function of width of the line dividing the two fields to be compared 
(fig. 3); (c) determination for one observer of the voltage of one 
lamp required to produce a color match with another lamp at con- 
stant voltage as a function of field size for observation by right eye, 
by left eye, and by both eyes (fig. 4), and (d) comparison for two 
observers of the precision obtainable under various miscellaneous 
special conditions (field size, field shape, convenience of brightness 
adjustment, surrounding field illumination, fig. 5). 

2. From these determinations (a) to (d) by one or two observers it 
appears reasonable to suppose that the following generalizations (a) 
to (d) are true: (a) The larger the fields to be compared as to color, 
the greater the precision of determination of color temperature; (b) 
the closer together the fields to be compared as to color, the greater 
the precision of determination of color temperature, but if the space 
separating the areas is black, observation is considerably more dis- 
turbed than if the space is of about the same color as the areas, 
themselves; (c) a strict substitution method in comparing a test 
lamp with a standard lamp as to color temperature is imperative 
because of serious variations in sensibility over the retina of sup- 
posedly normal observers; failure to use a substitution method may 











25 The value for observer DBJ (0.069 my) on the rotatory dispersion colorimeter was inferred from a group 
of 140 settings made for the purpose of calibrating the lamps used throughout the experiments in terms of 
color temperature. None of the 140 settings were made at the applied voltage to which the other probable 
errors refer, but the inferred value was estimated to have the weight of about 40 settings. There was a 
troublesome red-green difference between the two halves of the field for high applied voltages (2,848° K.) 
which became less as the voltage decreased. The value for observer IGP (0.083 my) was obtained from 
previous unpublished work, as was also the value for the ‘“‘satron”’ in terms of spectral centroid. The 
term, ‘‘satron,’’ was proposed by Priest in 1927 who defined it as follows: ‘‘ For colors of low saturation, 
one satron is the increment in saturation due to an increment in purity equal to P’., where P’., a function 
of dominant wave length, is taken as (Pmax+Pmin)/2 from the mean values of Priest and Brickwedde.” 
Since in the notation developed in this paper (Pmaz+Pmin)/2 would be written (PLPD-+Parp)/2, it is appar- 
ent that the ‘‘satron”’ is a ‘‘just doubtful difference’’ in saturation for unsaturated colors observed under 
the conditions used by Priest and Brickwedde, see footnote 12, p.1165. The probable error ofa single observa- 
tion corresponding to observations of such precision that the “‘satron”’ constitutes the ‘‘just doubtful 
difference’ was obtained by dividing the value for the ‘‘satron’’ on the spectral-centroid scale by 3.3 
(Table 2.) The fact that this probable error (0.097 mu) which refers to the 4° square field of Priest’s mono 
chromatic colorimeter is somewhat greater than the value (0.083 mu) obtained by the same observer 
(IGP) for the smaller field (3° circular) of the rotatory dispersion colorimeter may occasion some surprise, 
but it may well be due to the superior brightness-adjustment device incorporated in the rotatory dispersion 
colorimeter. 

% Since no data referring to observer DBJ or observer IGP are available for the Lummer-Brodhun co! 
trast photometer, a direct comparison with the precision obtainable by this instrument is not possible 
According to Forsythe (W. E. Forsythe, Accuracy in Color Matching of Incandescent Light Sources, 
J. Opt. Soc. Am. and Rev. Sci. Inst., 6, pp. 476-482; 1922) this precision is quite high. The average mean 
variation in 835 settings distributed among seven observers indicates the probable error of a single setting 
to be about the same as the lowest value (0.02 mu) obtained on the new color comparator. The advantage 
of the contrast field is emphasized by Forsythe, but the results reported here would suggest that the large 
field (10° or 15°) might be the important factor, 























Judd) Color Temperature 


cause errors in special cases of more than 25 times the probable error 
of a single observation; and (d) the new color comparator which was 
constructed during the course of these preliminary measurements 
permits the visual determination of color temperature with a pre- 
cision two or three times as great as the instruments previously used 
for this purpose at the National Bureau of Standards (Martens 
photometer, rotatory dispersion colorimeter). 


WASHINGTON, September, 1930. 
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THE RING STRUCTURE OF MANNOSE. THE OPTICAL 
ROTATION OF 4-GLUCOSIDO-a-MANNOSE 


By Horace S. Isbell 


ABSTRACT 


A comparison of the rotation of two pairs of sugars, which can not form a 1, 4 
ring, shows that one pair gives an epimeric difference in rotation, which agrees 
with the value obtained from a-d-mannose (+30) and the normal form of glucose, 
while the other pair gives a value which agrees with that obtained from 6-d-man- 
nose (—17) and the normal form of glucose. These results may be interpreted 
as indicating that 4-glucosido-a-mannose and 4-galactosido-8-mannose have struc- 
tures similar to a- and 6-mannose, respectively. However, regardless of the 
particular interpretation, the different values show that a decision between the 
rival ring classifications can not be reached from a comparison of the rotations of 
cellobiose and glucosido-mannose. 
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I. INTRODUCTION 


The development of experimental carbohydrate chemistry in recent 
years has resulted in the evolution of new ideas which in turn has led 
to conflicting views. Particularly the assignment of ring structures 
has been the source of considerable controversy. The apparent ring 
structures may be determined experimentally by the methylation 
method first used by Purdie and Irvine.! In 1926 Hudson ? advanced 
& new system of ring structures in which he attributed to the methyl! 
glucosides a 1, 4 oxidic ring, and to a-methyl-d-mannoside a 1, 5 
oxidic ring. This classification was based upon the assumption that 
the normal methyl xylosides, galactosides, and arabinosides possess a 
|, 5 ring as shown by methylation studies. In a recent publication 
Hudson * states that the methylation data upon which his previous 
assignments were based are invalid. He now assigns the 1, 5 ring to 
the methyl glucosides and the 1, 4 ring to a-methyl-d-mannoside. 
It is claimed that the whole system of ring structures, as developed 











' Purdie and Irvine, J. Chem. Soc., 83, p. 1021; 1903. 
: Hudson, J. Am, Chem. Soc., 48, p. 1434; 1926. 
Hudson, J. Am, Chem. Soc., 52, p. 1680; 1930. 
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by numerous investigators from the methylation method, is not soyj 
and that the ring structures of the sugars, both simple and compound 
must be redetermined. The importance of this conclusion and its fy. 
reaching consequences demand that the evidence must be conclusiyy 
The criterion by which Hudson sought to reach a decision betwee, 
the rival classifications of rings depends upon the comparison of th 
rotations of a pair of substances, having configurations that could by 
epimeric, but in which only one of the two rings 1, 4 and 1, 5 could bg 
assumed to exist. He pointed out that cellobiose and 4-glucosido. 
mannose are a pair of substances which fulfill these requirements an 
that the same is true for lactose and 4-galactosido-mannose. It was 
found from a comparison of the rotations‘ of the acetohaloge 
derivatives of cellobiose and 4-glucosido-mannose that the “epimery: 
difference’’® in rotation, 22, for the acetylated compounds was 11,80) 
This value agrees with the value of 2, (11,300) which he had pr 
viously obtained from certain substances in the glucose and mannow 
series, while it does not agree with the value of 2R, (29,500) obtained 
from the molecular rotations of the tetra-acetates of a-methy! 4 
glucoside and a-methyl d-mannoside. i ; 
outlined was followed by the statement ° ‘‘that Haworth’s assignment 
of the same ring to normal methyl glucoside and mannoside must be 
invalid.””’ The final decision was drawn from a comparison of the 
rotations of the acetylated derivatives. If a shift in the ring occus 
during methylation, a ring shift might also occur during the acetylation 
of a methyl glycoside.’ Probably a ring shift does not occur, but in 
any case it is more desirable to compare the rotations of the sugars or 
methyl glycosides than the rotations of the acetylated derivatives, 


II. COMPARISON OF THE ROTATIONS OF 4-GLUCOSID0.- 
MANNOSE AND CELLOBIOSE 


Only roughly approximate data are avilable in the literature for 
the rotations of 4-glucosido-a-mannose * and 4-galactosido-6-mannose! 
A comparison of such approximate data, however, indicates that the 
epimeric difference obtained from £-cellobiose and 4-glucosido-~ 
mannose, differs widely from the value obtained from £-lactose and 
4-calactosido-8-mannose. 

In the light of this conflicting evidence it was deemed necessary t 
obtain accurate data upon the rotations of 4-glucosido-a-mannose ant 
4-galactosido-8-mannose. 4-glucosido-a-mannose was prepared by 
the hydrogen-fluoride method of D. H. Brauns. The initial specif 
rotation of 4-glucosido-a-mannose monohydrate was found to bk 
+14.6, and the equilibrium specific rotation was found to be +5.8) 
which agrees with the value +5.8 previously reported by Braun. 





4 Brauns, J. Am. Chem. Soc., 48, p. 2776; 1926. 

5 The “epimeric difference” in rotation, 2Rsz, is supposedly twice the rotation of the second carbon atom. 
6 Hudson, J. Am. Chem. Soc., 52, p. 1683; 1930. 

7 The word glycoside is used in the generic sense; the term glucoside is limited to the glycosides of glucose 
8 The rotation of 4-glucosido-mannose was determined by Bergmann and Schotte (Ber. 54, p. 1564; 


who give the following data: la}jp=+15.07, 7 minutes after solution; lalj$ =+10.65, constant, Thesamesih 


—_ 
stance was also prepared by D. H. Brauns who gives the following data for the monohydrate: [ayy =tia 


15 minutes after solution; [alo = +6.5, after 35 minutes; [alj$=+5.8 constant. These values indicate that ! 
initial rotation of 4-glucosido-mannose is about +15. 

® See Pp 1182. 

0D. H. Brauns, J. Am. Chem. Soc., 48, p, 2781; 1926. 
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he sugar mutarotates from a positive to less positive rotation; 
nce it is the alpha form. | 
The epimeric difference in rotation between §-cellobiose and 4- 
ycosido-a-mannose is obtained from the following computation, 
hich is based upon the fundamental assumption that, as Hudson 
ims, cellobiose and 4-glucosido-mannose are a pair of truly epimeric 
bstances. 
H H 
Oo H 0H 
joj. HO |‘ 
| O H 
q +R:—Aox 
H H 
HHOO 


CH,OH—C—C—C—C—C 
porfed Ein) 


| 0 
Vv 


H. HO ip fT i © 
CHsOE- Cre Rett \ CH,OH—C—C—C—C—C 
| H 











OH 








4-Glucosido-a-mannose q —R+Ace 


t the rotation of 6-cellobiose be separated into the components: 
Aon (the rotation of the pseudo aldehydic carbon); R, (the rotation 
the epimeric carbon; that is, the carbon adjacent to the pseudo 
dehydic carbon), and q (the rotation of the rest_of the molecule). 
en the molecular rotation of 6-cellobiose is g+ R.—Aoy. Accord- 
g to the same system the rotation of the alpha form of the epimeric 
hbstance, 4-glucosido-mannose, becomes g—f,+ Aon. The differ- 
hee in the molecular rotations of B-cellobiose (+5,470)" and 4- 
ucosido-a-mannose (+5,270) equals 2R,—2Aoy. The value for 
he epimeric difference, 2R,, is obtained by adding the value of 
jog (16,700) to value of 2R,—2Aon, which gives 16,900. This agrees 
proximately with the value (14,900) obtained from a-d-glucose 
113) and a-d-mannose(+ 30)and also with the value (15,300) obtained 
om a-methyl-d-glucoside (+ 157.9) and a-methyl-d-mannoside (+ 79). 
ce analogous rotational relations exist between the pairs the same 
ructural relations probably exist, which indicates that oa-d-mannose 
30) and a-methyl-d-mannoside (+79) have structures similar to 
lucosido-a-mannose. According to the structure generally accepted, 
lucosido-e-mannose can not form a 1, 4 primary ring. Thus a-<d- 
annose (+30) and a-methyl-d-mannoside seemingly do not have 
he 1, 4 ring as recently assigned by Hudson. 
This interpretation is in harmony with the recent work of Haworth 
d Porter * who have prepared a new crystalline methyl mannoside 
hich Haworth, Hirst, and Webb ™ have shown has a 1, 4 ring. In 
bnsequence the whole system of ring structures which Hudson has 
iit upon his conclusion that a-methyl-d-mannoside has a 1, 4 ring 
rendered uncertain." 





: Hudson, B. 8., Sei. Paper No. 533. 
: Haworth and Porter, J. Chem. Soc., p. 649; 1930. 
}, Haworth, Hirst, and Webb, J. Chem. Soe., p. 651; 1930. 
The methy] glycosides of 4-glucosido-mannose are being prepared with the object of extending the 
mparison to those compounds, 
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III. CORRELATION OF 4-GLUCOSIDO-a-MANNOSE Anp , 
GALACTOSIDO-8-MANNOSE WITH a-d-MANNOSE AND Bd 
MANNOSE 


As pointed out by Hudson the epimeric difference in rotatig 
may be obtained also from lactose and 4-galactosido-mannose, Foy 
data given by Bergmann™ ([a]> = + 23.5, 5 minutes after solution 
[a]? = +30, constant), the specific! rotation of 4-galactosido-c-mg, 
nose may be estimated to be approximately +20. <A comparisoy 
of this approximate rotation (20 X 342) with the rotation of 8-lacto 
(+ 35 X 342) gives an epimeric difference of 5,130. This value diffe 
widely from the value (16,900) calculated from £-cellobiose and 
glucosido-a-mannose, but does not differ so much from the yal 
(6,480) obtained from {-d-glucose (+19X180) and £-d-manno 
(—17X180). Apparently the epimeric differences from 4-glucosid 
a-mannose and from 4-galactosido-8-mannose parallel the resi 
obtained from a comparison of the rotations of normal glucose wit 
a-d-mannose (+30) on the one hand and with §-d-mannose (-17 
on the other. Hence 4-glucosido-a-mannose may be considered 
least provisionally to be a substituted a-mannose and 4-galactosido 
B-mannose a substituted 6-mannose. 

The correlations of the rotations of 4-glucosido-a-mannose and 
alactosido-$-mannose with the rotations of a-and #-mannose a 
ased upon the assumption that the members of each pair of suga 

differ only in the reducing hexose molecule. The substances we 
suggested by Hudson who had used the acetohalogen derivatives 
one pair in an attempt to disprove Haworth’s * assignment of th 


same ring structure (1, 5), to pets fe glucoside and a-methy! man 


noside. Hudson neglected to consider a possible difference in th 
secondary hexose structures of these disaccharides. By various com 
binations of secondary ring structures it is possible to interpret : 
of the results obtained from these disaccharides as favorable to eithe 
one of the two rival classifications. 

Such calculations have been made, but are not presented her 
because they are based upon the assumption that the substance 
have different secondary ring structures, which is not in agreemel 
with the experimental evidence from chemical studies. 

The final decision between the various interpretations must awl 
the accumulation of more experimental evidence. However, in a 
case Hudson’s proof for the invalidity of the results from the methyl 
tion of a-methyl glucoside and a-methyl mannoside appears not i 
be sound because of the following reasons: (1) The numerical valid 
for the epimeric difference in rotation for the two pairs of sugi 
which he suggested as suitable to decide the issue are conflicting 
(2) the substances he selected may differ in secondary ring structure 
and (3) his conclusion as to the structure of the methyl glycoside 
was drawn from a comparison of the rotations of the acetohalogd 
derivatives; if a ring shift occurs on methylation it may likews 
occur upon acetylation; therefore, any conclusions drawn from th 
rotations of the acetylated derivatives may be erroneous. 





16 Bergmann, Ann., 434, p. 94; F1923. 
% Charlton, Haworth, and Peat, J. Chem. Soc., p. 89; 1926, 
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bell] 


“NOTE ON OPTICAL ROTATION AND RING STRUCTURE 


Recently the writer ” determined the optical rotation of a-d-gulose 
shich, in conjunction with the rotations of glucose, mannose, and 
valactose, completed the data necessary for calculating the optical 
otatory powers of the individual asymmetric carbon atoms in the 
dohexose sugars. As explained in a previous publication * the 
alues, which were calculated by means of the van’t Hoff ” principle 

optical superposition, are based upon the fundamental assumption 
hat the compared substances have similar structures. As a working 
pypothesis the structures of the methyl glycosides as determined by 
methylation studies were assumed to be valid. This assignment, 

‘hich is the outgrowth of the work of a considerable number of in- 
estigators, but which has been avocated particularly by Haworth,” 
snot in agreement with the conclusions reached by Hudson.” It is 
shown in this paper that the rotations of one pair of substances, which 
Hudson had previously suggested as suitable to decide between the 
ival ring classifications, give an epimeric difference in rotation of 
16,900; while the rotations of another pair of similar substances give 
mn epimeric difference of 5,130. One of these values agrees with the 
alues previously reported by the writer which were declared errone- 
ous by Hudson,*? while the other agrees with the value which 
Hudson believes to be correct. The cause * of this discrepancy must 
await future developments, but since the evidence for the assignment 
of ring structures is conflicting it is desirable to approach the subject 
from different angles. 

One of the angles of approach is to assume that the ring structures 
as determined by methylation of the normal methyl glycosides are 
orrect. This viewpoint was adopted in the writer’s previous publi- 
ation and upon that basis the optical rotations of the hexose and 
pentose sugars and methyl glycosides were compared. 

It was pointed out that the optical rotatory values which were thus 
obtained from the methyl glycosides were of like sign and of the same 
order of magnitude as the values obtained from the sugars. Al- 
though the values from the methyl] glycosides were of the same order 
they were numerically greater than the values from the sugars, which 
it was stated explains the deviation from a constant in the value of 
Hudson’s Aye— Aon. Hudson* objected to this explanation, stating 
that it was an “‘obvious algebraic misstatement” because the values 
of Ame— Aon are obtained from the same equations from which the 
values for the optical rotations of the individual carbon atoms are 
derived. The writer’s explanation was not given as a proof for the 
correctness of the values, but rather as a comparison of the data. 
For this reason it was placed in the portion of the paper devoted to 





" Isbell, B. S. Jour. Research, § (RP226), p. 741; 1930. 
* Isbell, B. 8. Jour. Research, 3, p. 1041; 1929. 
 yan’t Hoff, The Arrangement of Atoms in Space, p. 160, Longmans, Green & Co.; 1898. 
Haworth Constitution of Sugars, London; 1929. 
4 Hudson, J. Am. Chem. Soc., 52 p. 1683; 1930. 
” Hudson, J. Am. Chem. Soc., 52, P. 1698; 1930. 
d Mill 


® Recently Haworth, Hirst, an ler (J. Chem. Soc., p. 2469; 1929) have shown that the three forms 
of the acetylated methyl rhamnosides which were previously believed to be ring isomers upon methylation 
give results which indicate all three substances have a1, 5ring. ‘To explain the anomaly of three isomers 
of the same ring, they postulate a new type of isomerism. 

Che correlations in optical rotations which Hudson has found in the mannose, rhamnose, and lyxose 
Series and which have been interpreted as different ring types might represent correlations between isomeric 
Substances of the type just mentioned. In other words, the system to which Hudson allocates the 1, B 
nhg might contain the same ring as the 1, A but have a different structure, 

“ See footnote 3, p, 1179. 





1184 Bureau of Standards Journal of Research 


[Vol. § 


the ‘Discussion of results” under the subheading “Comparison of 
the Rotations of the Methyl Glycosides with the Rotations of the 
Sugars.” Further evidence that the writer did not intend the inter. 
pretation which Doctor Hudson has made may be seen from the 
following quotation. 

Van’t Hoff’s idea may be put in the form of four simultaneous equations which 
contain only three variables, and if the experimental values of A, B, and ¢ 
determined from any three of the equations check the fourth equation, his theo: 
as applied in the given case is definitely proved. * * * The investigation 
which is still in progress, has been successful, in that the optical rotations ¢j 
a-d-gulose and a-and 6-methyl d-gulosides have been determined. These Values 
complete the data necessary for the computation of the optical rotation of egc) 
of the several asymmetric carbon atoms in the hexose sugars and in the methy| 
glycosides. 

It was pointed out that the preparation of other substances was 
in progress in order to check the values, and for that purpose the rots. 
tions of the unknown hexose sugars and methyl glycosides wer 
predicted. 

The pertinent point in the writer’s explanation of the deviations in 
the value of Hudson’s Aye— Aon was that in order for this value to 
be constant the rotations of the individual asymmetric carbon atoms 
in the sugars must be equal to the rotations of the corresponding 
carbon atoms in the methy] glycosides; if there be any difference in the 
values, deviations will occur. That there is a difference in the values 
obtained from the sugars and methyl glycosides was indicated by the 
computations from the methyl glycosides giving larger numerical 
values than were obtained for the sugars. Probably this difference is 
real since so many Calculations give slightly larger values for the 
methyl glycosides. Moreover, there are other cases in the cur- 
bohydrate field where there is similar evidence that a change in the 
first carbon atom may alter the rotation of the rest of the molecules. 
For example, Purves * has found that irregularities occur in the 
rotations of the acetylated thiophenol glycosides which indicate that 
“different substituents occasion varying small but definite changes in 
the rotation of the rest of the molecule.”’ 

It is regretted that it was not more clearly pointed out in the 
previous publication that the value of 1/2 (2Ame—2Aon) was the 
average of the results obtained by solving separately the equations 
which were subsequently combined to give the values of Ame—Aos. 
The determination of the values of Aye—Aon from the latter equi- 
tions does not constitute a proof for the values and, as stated above, 
it was not intended as such. 

The writer’s new compounds of d-gulose are new links in the chain 
of experimental carbohydrate chemistry which are necessary for the 
calculation of the rotations of the individual asymmetric carbon 
atoms in the hexose sugars and methyl glysosides. The rotations 0 
the substances may be compared in various ways giving different 
values. At this time we can not say which values are correct; nevel- 
theless it is only by approaching the subject from different angles 
that we can hope to arrive at the true interpretation. 


% Purves, J, Am, Chem, Soc,, 61, p, 3621; 1929, 
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Ring Structure of Mannose 


V. EXPERIMENTAL 
1. FLUORO-HEXA-ACETYL 4-GLUCOSIDO-MANNOSE 


This compound was prepared from cellobiose octa-acetate by the 
action of anhydrous hydrogen fluoride according to the method of 
Brauns.~ Two hundred grams of cellobiose octa-acetate after 
standing five hours with 560 g of hydrogen fluoride (prepared from 
2,000 g of NaHF;) gave a yield of 23 g of crystalline fluoro-hexa-acetyl 
slucosido mannose and 70 g of noncrystalline material. The crystal- 
jine product after recrystallization melted at 153° and gave in chloro- 
form solution [a]f=+21. Brauns gave the melting point as 145° 
(not sharp) and [a]@ = + 20.75. 


2. OCTA-ACETYL 4-GLUCOSIDO-MANNOSE 


Thirty grams of fluoro-hexa-acetyl 4-glucosido mannose, after 
acetylation with 150 ml of acetic anhydride containing 2 g of zinc 
chloride according to the method previously used by Brauns, gave 
24 ¢ of octa-acetyl 4-glucosido mannose melting at 203° C. After 
recrystallization the specific rotation was found to be + 36.3° (1.7390 g 
dissolved in 25 ml (HCCI;) gave a rotation of 14.55° S.). The melt- 
ing point and rotation agree with the values previously found by 
Brauns. 

The same substance may be prepared as pointed out by Brauns 
from the mother liquor from the preparation of fluoro-hexa-acetyl 
glucosido-mannose. The writer found it very difficult to separate 
the product thus obtained from a small amount of unchanged cello- 
biose octa-acetate with which it was mixed. A separation was finally 
obtained by means of crystallization from glacial acetic acid.” 


3. DEACETYLATION OF OCTA-ACETYL 4-GLUCOSIDO-MANNOSE 


4-slucosido-e-mannose was first obtained in good yield by saponi- 
fication of the above-described octa-acetate according to the method 
described by Brauns using the theoretical quantity of barium methyl- 
ate. Subsequent preparations were deacetylated by a modified 
method which the writer believes is a very satisfactory method 
for the deacetylation of similar substances. Zemplen **” and Pacsu 
have found that a small amount of sodium methylate will deacetylate 
a large quantity of acetylated product. The reaction results in the 
formation of methyl acetate and the regeneration of sodium methyl- 
ate. The use of a small amount of the reagent is advisable because 
of rearrangements which occur in strongly alkaline solutions. Since 
barium methylate may be completely removed after a reaction, it 
seemed desirable to substitute barium methylate for sodium methylate 
in the method of Zemplen and Pacsu. 

Six grams of octa-acetyl 4-glucosido mannose were suspended in 
150 ml of absolute methyl] alcohol and cooled in an an ice-salt mixture. 





* See footnote “= 1180. 


" In addition to compounds mentioned above a small quantity of another acetate of cellobiose was 
separated. Thenewsubstance melted at 185° C. and gave [a}?0= +31, approximately. After deacetylation 
by the barium methylate method given in the next paragraph, a crystalline product was obtained. This 
unique substance contains one acety! group combined in some manner with cellobiose. It does not exhibit 
mutarotation: [a]? = +63, approximately. With the new method ford eacetylation by means of a small 
quantity of barium methylate it may be possible to prepare other similar compounds from certain acetyl 
Sugars and glycosides. The reaction and the properties of the substances are being further investigated. 

Zemplen, Ber., 59, p. 1258; 1926. 

Zemplen and Pacsu, Ber., 62, p, 1613; 1929, 
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After 5 ml of a 0.5 N barium methylate solution ® were added the 
solution was allowed to stand in the ice box with accasional shakin 

After about 20 hours the barium methylate in the solution was decom, 
posed by the addition of an equivalent quantity of 0.5 N. sulphuric 
acid; the exact amount of sulphuric acid was determined by the 
titration (phenolphthalein) of a second portion of the barium methy\. 
ate solution. The barium sulphate was separated by filtration. Tho 
filtrate was evaporated in vacuo to a thick sirup. After the addition 
of ethyl alcohol to saturation this sirup was allowed to stand overnight, 
The following day 2.4 g of crystalline product was separated. A total 
of 2.6 g of pure 4-glucosido-a-mannose mqnohydrate was obtained. 
This is 81 per cent of the theoretical. It mblted at 137° C., in agree. 
ment with results reported by the previous investigators, The 
equilibrium rotation [a]j/=5.88 agrees with the value reported by 
Brauns, [a]? =5.8. ’ 


4. OPTICAL ROTATION OF 4-GLUCOSIDO-a-MANNOSE 


The samples of 4-glucosido-a-mannose monohydrate from the two 
deacetylations given above were combined; after one recrystallization 
from 60 per cent ethyl alcohol, [a]?}=+14.7, initial; +5.7, final, 
This product was recrystallized and the measurements given below 
were made. 

For the rotation measurements 1.355 g of 4-glucosido-a-mannose 
monohydrate was dissolved in 24.927 g of water (20° C.) which was 
delivered from a pipette. Time was measured from the moment the 
water was released from the pipette. The sugar was completely 
dissolved in 15 seconds. A portion of the solution was transferred to 
a 2 dm water-jacketed polariscope tube and the optical rotations 
given in Table 1 were measured with a Bates saccharimeter. The 
density of the solution was found to be 1.0165. (A picnometer of 
10.686 ml capacity held 10.8628 g of solution at 20° C.) 


TaBLeE 1.—Muiarotation of 4-glucosido-a-mannose monohydrate 





Saccha- | 
Time (in minutes) rimeter | 
reading | 




















Average 


' 





1 This value (r) is extrapolated from the first reading by the following equation: 
1 r—5.88 
O.016= 5°68 103 55—5.88 
% The barium methylate was prepared by refluxing 100 g of barium oxide with 200 ml of absolute meth! 
alcohol. After filtering the solution to remove the insoluble barium hydroxide it was diluted to one lite 
with absolute methyl] alcohol. 
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VI. SUMMARY 


A comparison of the rotations of the two pairs of sugars which 
were previously suggested by Hudson as suitable to decide between 
ihe rival classifications of ring structures shows that the epimeric dif- 
ference obtained from the molecular rotations of 4-glucosido-a-man- 
nose and B-cellobiose is 16,900, while the value from 4-galactosido- 
gmannose and lactose is approximately 5,130. These conflicting 
values clearly show that a decision between the rival classifications 
of ring structures can not be derived from the rotations of these 
substances. : 

The optical rotation of 4-glucosido-a-mannose monohydrate was 
determined. The sugar exhibits mutarotation, following approxi- 
mately the course of a monomolecular reaction; the value of k,+ kz 


being 0.016 at 20° C.; the initial rotation [a] p= +14.64; the equilib- 
rum rotation [a] $= +5.88 agrees with the value previously reported 
by Brauns. 

‘An improved method for the deacetylation of acetyl sugars and 
glycosides by means of only a small amount of barium methylate in 
absolute methyl alcohol is given. 
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